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ABSTRACT
The agriculturally important soils of the lower Mississippi alluvial plain typically display 
surprisingly high levels of nitrogen (N) fertility given the low amounts of organic matter and 
readily available forms of N characteristically present in these soils. The principal goal of this 
research was to investigate N dynamics in these soils with special attention devoted to the 
possible role of clay-fixed NH4 + in N fertility.
Characterization of the N distribution in 9 soil profiles (0-150 cm) representative of the 
principal agricultural soils of the lower Mississippi River alluvial plain indicated that most of the 
N in surface horizons was in the form of organic N (85%), but appreciable amounts ( ~ 15%) 
were present as nonexchangeable NH4 + entrapped within clay lattices. Nonexchangeable 
NH4 + accounted for a substantially larger portion (15-60%) of total N in most subsurface 
horizons. Regression analysis indicated that the portion of total N recovered as organic N was 
most closely related to organic C content and the amounts of 2:1 clay minerals present.
Experiments to assess the possibility that the activity of soil microorganisms influence 
the release of clay-fixed NH4 + showed that heterotrophic microorganisms play a principal 
role. Experiments using Commerce silt loam enriched to contain 180 mg 15N nonexchange­
able NH4 + showed that 48% of this N was immobilized into microbial biomass N after 28 d and 
an additional 36% had accumulated in forms suitable for plant uptake. In the absence of 
microbial activity, only 20% of clay-fixed NH4 + became available to plants in 28 d.
During the course of this investigation it became evident that the methods commonly 
used to determine clay-fixed NH4 + in soils did not recover a substantial portion of recently 
fixed NH4 + . Because recently fixed NH4 + appeared to play a principal role in the N fertility of 
soils, a rapid, accurate and precise method was developed to quantitatively measure this frac­
tion as well as native fixed NH4 + . This method will be of great utility in future efforts to devise 




INTRODUCTION AND LITERATURE REVIEW
Introduction
Accommodating the needs of a rapidly expanding world population requires a highly 
productive agriculture that conserves resources while preserving the quality of our environ­
ment. The productivity of many current cropping systems in the southern Mississippi River 
alluvial plain as elsewhere depends heavily upon the use of industrially produced N fertilizers.
The southern Mississippi River alluvial plain contains a unique group of soils formed in 
sediments deposited by Mississippi River during the last 7500 years (Schumacher et al., 1988). 
The mineralogy and textural characteristics of these soils are highly diverse because initial 
deposits may have originated anywhere within the river’s drainage basin and because flooding 
and meanderings of the river have sorted sediments during deposition. Agriculture is a prim­
ary industry of the lower Mississippi Delta and soils of this region are used extensively for the 
production of timber, cotton (Gossypium hirustum), rice (Oryza sativa), and sugar cane 
(Saccharum spp hyb).
Cotton production has been an integral component of Louisiana agriculture for more 
than 135 years and has contributed substantially to the state’s prosperity. Nitrogen is consid­
ered by many as a principal factor that has marked effect on cotton development and yields in 
the cotton producing areas of Louisiana that receive adequate amounts of rainfall or irrigation. 
Our limited understanding of the sources of plant available N in soils of Louisiana limit our abili­
ty to develop optimum fertilization programs. For example, our alluvial soils contain very low 
amounts of organic matter and plant-available N. It is generally assumed that 1-3% of the N 
contained in soil organic matter is mineralized during the growing season, and yet fertility 
studies performed on these soils indicate that residual soil N is frequently sufficient to produce 
adequate cotton yields and that little benefit is obtained from the application of supplemental 
fertilizer N.
Several studies suggest that NH4 + entrapped within lattices of 2:1 clay minerals can 
also represent a significant N fraction contributing to the plant-available N pool (Black and 
Waring, 1972;Mengel and Scherer, 1981; Keerthisingheetal., 1984; Beathgen and Alley, 
1986). Many alluvial soils of the lower Mississippi Delta are rich in 2:1 clay minerals, such as 
montmorillonite, illite and vermiculite. Therefore, delta soils may contain substantial amounts 
of NH4 + entrapped in the interlayer spaces of these clays. In addition, a portion of fertilizer 
NH4 + -N added to these soils is fixed by the clay fraction. To effectively manage N in these 
soils, it is essential to identify and quantify the sources of plant-available N and assess the role 
of clay fixation in the N budget of these soils.
While there is growing evidence to suggest that a portion of fixed NH4 + in soils is 
potentially available to crops, our understanding of the mechanisms regulating the release and 
subsequent uptake of this N are not adequate to reliably anticipate its contribution to the nutri­
tion of field crops. It is not clear, for example, whether plant uptake relies primarily upon direct 
assimilation of released NH4 + by plant roots or upon immobilization/mineralization or nitrifi­
cation processes mediated by soil microorganisms.
Most investigators have determined fixed NH4 + using established methods that 
employ strong oxidizing agents (KOBr or KOH) to remove organically bound N. While it has 
been unequivocally demonstrated that these methods prevent spurious enrichment of clays 
with N released during oxidation of organic constituents (Dhariwal and Stevenson, 1958; Silva 
and Bremner, 1966), there is less reason to assume that such methods quantitatively recover 
the more easily released fractions present as nonexchangeable NH4 + due to application of 
ammoniacal or ammonium-producing fertilizers in soils (J.M.Bremner, Personal communi­
cation). In addition, the blocking effect of added K+ may not completely prevent losses of 
this more easily released fraction present as nonexchangeable NH4 + . Therefore, there is a 
need for a method which can quantitatively recover this fraction present as clay-fixed NH4 + .
The bioavailability of clay-fixed NH4 + remains controversial and the contribution of 
this N fraction to the plant available N pool is not understood well. Additional research that ex­
pands our understanding of the mechanisms regulating the release and subsequent uptake of 
nonexchangeable NH4 + is needed to establish the importance of this fraction in the nutrition 
of field crops in the alluvial soils of Louisiana.
The following were the major objectives of this dissertation:
1) To characterize the amounts and forms of N within profiles (0-150 cm) representa­
tive of the principal agricultural soils of the region and to identify the relationships 
between N distribution and various physical, chemical and mineralogical proper­
ties.
2) To assess the role of soil microorganisms in the release of clay-fixed NH4 + and its 
accumulation in forms suitable for plant uptake.
3) To develop a method that quantitatively recovers the fraction of ammoniacal or 
ammonium-producing fertilizers in soils fixed by clays after their addition to soils.
Literature Review
Large quantities of nitrogen in the form of NH4 + are being used to increase crop 
production in agriculture. The reactions involved and the nature of complexes formed when 
NH4 + is brought into contact with soil materials are of interest from both agronomic and 
theoretical points of view. Information on fixation and immobilization of added NH4 + in soils 
are of great importance to the agronomists, because these two processes protect N in soils 
from leaching, volatilization and denitrification losses. Such information could lead to more 
efficient use of N fertilizers, by suggesting better management practices.
A great deal of literature has been published concerning fixation, immobilization, 
release and nitrification of added fertilizer NH4 + to soils. An excellent review of this subject 
has been presented by Nommik and Vahtras (1982). Most of the research during the period of 
1950 to 1970 focused on methods of determining fixed NH4 + , factors affecting NH4 + fixation, 
and the,availability of fixed NH4 + in pure clay minerals and soils. During 1970 to 1980, re-
searchers concentrated on quantifying clay fixed NH4 + , studying the transformation of added 
NH4 + in soils with differing fixing capacities, and the bio-availability of fixed NH4 + . In recent 
years, in addition to the above mentioned areas of inquiry, researchers have investigated the 
dynamics of added fixed NH4 + in various soil separates and its bioavailability in relation to 
native fixed NH4 + and organic N.
Theories of Ion Fixation
It is well documented that the soil’s capacity to fix NH4 + or K + is related to the pres­
ence of clay minerals of the three-layer or 2:1 type. A number of theories have been proposed 
to explain the specificity of different cations to contract or expand the clay lattice, and, thus, 
their readiness to be fixed between the silicate sheets. Two hypotheses have gained accept­
ance for the fixation of NH4+ o r K + by clays. Page and Baver (1940) suggested that cation 
fixation is related to the size of the cation as well as to the kind of fixing material. The exposed 
surface (and surfaces between the sheets) of three layer minerals consists of oxygen ions 
arranged hexagonally. The opening within the hexagon is equal to the diameter of an oxygen 
ion (~ 2.8 A°). Ions having diameter of this magnitude (eg: NH4 + and K + ) will fit snugly into 
the lattice holes and such ions will be held very tightly as they come closer to the negative 
electrical charges within the crystal. This hypothesis has found wide acceptance. An alternate 
hypothesis was put forward by Kittrick (1966), who stressed that ion fixation could be ex­
plained in terms of presence of expanding and contracting forces in interlayer positions. Kit­
trick suggested that the important interlayer forces therefore were the electrostatic attraction 
between negatively charged layers and positive interlayer ions, and the expansion due to ion 
hydration. He concluded that, ion fixation appears to occur when electrostatic forces of attrac­
tion exceed those of the hydration energy of cations.
The differential behavior of 2:1 type clay minerals depends on whether the principal 
part of the negative charge on the lattice originated from the octahedral Al-layer or from the 
tetrahedral Si-layer. Among three-layer clay minerals, vermiculite has the greatest capacity to 
fix K + and NH4 + . Whereas illite may or may not fix K + or NH4 + depending on the degree of
weathering and K + saturation of the lattice. Montmorillonite does not fix NH4 + under moist 
conditions but fixes NH4 + when it is subjected to drying. Kaolinite (1:1 type clay) is generally 
considered as a non-fixing mineral.
Earlier work in the exchange reactions of K + in illites and illitic soils has yielded infor­
mation indicating that the exchange and displacement behavior of K + originates from the 
existence of several exchange positions, each with its own specific exchange constant. This 
assumption has led to the suggestion that a dynamic equilibrium exists between K + in the 
solution (Kg), exchangeable K + (K0), and fixed K + (Kf ). However, Lamm and Nadafy (1973) 
presented a more detailed scheme for the different forms of K + in soils in equilibrium with each 
other. A similar scheme was adapted to represent different forms of NH4 + in soils in equilibri­
um with each other. Adapted to NH4 + , the scheme is as follows:
fast slow very
Soluble < = = = = = > Exchange < = = = = = > Intermediate < = = = = = > Fixed 
NH4 + NH4 + NH4 + slow NH4 +
The intermediate NH4 + is between fixed and exchangeable NH4 + and may be considered as
occupying interlayer sites of the clay plates which are at the transitional stage of collapse
(Nommik and Vahtras, 1932). Fixation of NH4 + due to recent application of fertilizers is
considered to occur in these interlayer sites. The intermediate NH4 + may be considered to be
exchangeable by H + or K + at a very slow rate.
Methods Used for Determining Clay-fixed NH4 +
Although several methods of determining fixed NH4 + in soils have been proposed, 
methods involving the use of HF to release this NH4 + have been used almost exclusively in 
studies of the distribution of fixed NH4 + in soil profiles. The HF methods adopted in these 
studies are essentially modifications of the method proposed by Rodrigues. None has proved 
entirely satisfactory, mainly because NH4 + is produced from labile organic N compounds 
(amides, amino sugars, etc.) during the recovery of fixed NH4 + . Initially, estimates of fixed 
NH4 + were calculated as the difference between NH4 + distilled by NaOH and that distilled by 
KOH (Barshad, 1951). But by 1969, more than 10 methods for determining native fixed NH4 +
had been published and each of them gave substantially different results. Main features of the 
more commonly used methods are outlined very briefly here:
Method of Rodrigues (1954)
The soil is treated with an acid mixture of HF-H2S 04 (4:1, v/v). Considerable heat is 
generated by the treatment. After removal of HF by further heating with H2S04, the released 
NH4 + is estimated by distillation with alkali. This is a rather drastic procedure involving the 
production of high heat, and there is evidence that it causes decomposition of organic nitrogen 
compounds to NH4 + and inflated fixed NH4 + values.
Method of Dhariwal  and Stevenson (1958)
In this procedure, a soil sample is treated with 1N KOH in an autoclave at 20 psi and 
120 °C for 8 hours to remove exchangeable NH4 + and labile organic N compounds, and the 
residue from this treatment is then washed with 1N KCI, and clay minerals are dissolved with 
15 ml of 5N HF-0.75/V HCI-0.6/V H2S04 solution for 12 to 16 hours at room temperature. The 
entire sample is then distilled with NaOH and fixed NH4 + is calculated from the amount of 
NH4 + released by this distillation.
Method of Bremner (1959)
In this procedure, a soil sample is shaken with 1N HF: 1N HCI at room temperature for 
24 hour and the NH4 + released by this treatment is estimated by filtering soikacid mixture and 
distilling an aliquot of the neutralized filtrate with sodium borate buffer (pH 8.8). Exchangeable 
NH4 + is estimated separately and subtracted from the NH4 + released by the HF:HCI treat­
ment to obtain the fixed NH4 + vaiue. The negligible amount of heat produced due to the acid 
mixture compared to that of Rodrigues method causes insignificant decomposition of organic 
nitrogen compounds. However, there may be a small amount of decomposition of organic 
nitrogen compounds due to the distillation of neutralized extract with sodium borate buffer. 
Method of Schachtschabel (1961)
Determination of fixed NH4 + involves estimation of the NH4 + released by HF and H2 
S04 after pretreatment of the soil sample with H20 2 to destroy organic matter, a correction
being applied to allow for NH4 + released by HF treatment from organic nitrogen compounds 
not removed by the peroxide treatment. The soil is first heated with H20 2 (to oxidize organic 
matter) in the presence of KCI (to prevent NH4 + fixation by soil minerals produced by oxida­
tion of organic nitrogen compounds). The residue from this treatment is washed with 0.05N 
HCI, water, and ethanol, after which the dried residue is heated with an acid mixture consisting 
of 50% HF and 50% concentrated H2S04. The liberated NH4 + is subsequently distilled with 
NaOH. Because the H20 2 treatment does not completely remove organic matter, a correction 
is made by the assumption that 3 mg of NH4 + -N originated from organic matter for each 100 
mg C remaining in the H20 2 treated residue.
Method of Mogilevkina (1964)
The soil is heated at 400° C to 24 to 72 hours to destroy organic N. Fixed NH4 + is 
then estimated by Kjeldahl analysis of the residue. The assumptions are that organic N and 
exchangeable NH4 + are quantitatively removed during the heating process, that none of the 
NH4 + released from the organic matter is fixed by clay minerals, and that the heat treatment 
does not lead to liberation of fixed NH4 + . However, the evaluation of this method by Bremner 
et al. (1967) confirmed that the heat treatment used in this method for removal of exchange­
able NH4 + and organic N compounds causes loss of fixed NH4 + and that the Kjeldahl 
procedure used in this method to determine nitrogen in the residue fails to recover nitrogen 
quantitatively.
Method of Silva and Bremner (1966)
Exchangeable NH4 + and organic N are removed by treating the soil (1 g) with alkaline 
potassium hypobromide (KOBr, 20 ml). After standing for 2 hours, the mixture is boiled for 5 
minutes and the residue is dissolved with 20 ml of 5N HF:1W HCI solution by shaking for 24 
hours. Then the liberated NH4+ is estimated by distillation with KOH. As an alternate to 24 
hour treatment with HF:HCI, heating the soil: acid mixture for 30 min at 100 °  C was suggested 
to accelerate the determination process.
Several of these methods for determining fixed NH4 + in soil have been compared by 
Bremner etal. (1967) and Mogilevkina (1969). Although both studies demonstrated that the 
various methods gave divergent results, agreement was lacking as to which procedures gave 
the more reliable values. However, method of Silva and Bremner (1966) seems most widely 
accepted by investigators. The hot KOH pretreatment method (Dhariwal and Stevenson, 1958) 
is basically the same approach and gives similar results (Bremner et al., 1967; Osborne,
1976a). However, Bremner etal. (1967) considered their method of 1966 to be reliable for the 
determination of native fixed NH4 + .
Methods Used for Determining NH4 + Fixing Capacity
In studying the NH4 + fixing abilities of soils and minerals, it is desirable from several 
points of view to use a procedure which enables sharp separation of readily exchangeable 
NH4 + and the NH4 + in interlayer positions. Because of the dynamic equilibrium nature of the 
NH4 + , it is quite difficult to establish a sharp separation among various fixed NH4 + fractions. 
This is especially true for the intermediate NH4 + fraction which is considered to be a substan­
tial portion of fixed NH4 + due to the application of NH4 + fertilizers. Definition of fixed NH4 + 
given by earlier researchers did not consider the presence of intermediate NH4 + and the 
dynamic equilibrium nature of NH4 + in soils. In studying the ability of soils to fix NH4 + , two 
principal approaches are used. The first involves treatment of the soil with a known amount of 
dilute NH4 + in solution. After prolonged contact, the easily exchangeable portion is removed 
using a KCI-leaching technique. The difference between the NH4 + added and that recovered 
in the extracts represents the NH4 + fixed. This is referred to as the difference method. A sec­
ond approach is direct determination of fixed NH4 + present in the soil residue. A number of 
methods have been proposed for direct determination of NH4 + and these methods usually 
give rise to a wide range of values.
Kjeldahl procedure
The soil sample, previously saturated with NH4 + , is leached with 2M KCI solution and 
then analyzed for total N by the Kjeldahl procedure. The increase in N content over the un­
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treated soil (but leached with 2 M KCI), represents the quantity of fixed NH4 + (Allison etal.,
1951). For soils with a high total N content and/or a low NH4 + fixing capacity, this method is 
insensitive.
Stewart and Porter (1963), and later Meints and Peterson (1972) demonstrated that the 
customary Kjeldahl procedure did not include all of the fixed NH4 + . Bremner (1965) in­
creased the recovery figures by including a pre-treatment of the soil with 5N HF: 1N HCI solu­
tion prior to Kjeldahl digestion.
Alkal ine duplicate dist i llation procedure
In this procedure, proposed by Barshad (1951), fixed NH4 + in the soil residue (KCI 
leached soil) is estimated from the difference between the NH4 + released by distilling with 
NaOH and KOH respectively. It is assumed that distillation with NaOH removes both ex­
changeable and inter-lattice NH4 + , while distillation with KOH will remove exchangeable 
NH4 + only.
The Barshad procedure has been tested in a number of investigations, showing in 
some cases an incomplete recovery of fixed NH4 + . This may be due to: (i) blocking effect of 
K + either released from the fixing material or present in the added reagents as an impurity; 
and (ii) the fixation of NH3 by soil organic matter during alkaline distillation. An additional 
shortcoming is that the amount of NH3 released from organic combination is dependent on the 
rate and duration of distillation and that a part of the native fixed NH4 + in the soil may be 
released on NaOH treatment (Bremner, 1965; Nommik, 1965).
Hydrofluoric acid procedure
In this method proposed by Bremner (1959), the NH4 + saturated and subsequently 
KCI leached soil is treated with an acid mixture containing HF to disintegrate clay minerals and 
to liberate NH4 + from interlayer positions. The difference between NH4 + released from the 
NH4 + treated and control samples corresponds to the soil’s content of fixed NH4 + excluding 
native fixed NH4 + .
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KOBr-KOH modif ied hydrofluoric ac id  procedure
Bremner (1965) and Silva and Bremner (1966) recommended pretreatment of the soil 
with alkaline potassium hypobromide (KOBr-KOH) to remove exchangeable NH4 + and organ­
ic N compounds, which on subsequent treatment with HF, may yield fixed NH4 + . However, 
with the Silva-Bremner method, the KOBr treatment represents an additional extraction of 
NH4 + from the intermediate NH4 + fraction. Intermediate NH4 + may be considered as occu­
pying the interlayer sites of the clay plates which are at transitional stage of collapse (Nommik 
and Vahtras, 1982). Most of the fixation of added NH4 + due to fertilizer application were 
considered to occupy these intermediate positions. Because of tne dynamic equilibrium 
nature of the NH4 + in soils and the involvement of alkaline KOBr treatment in the Silva-Bremn­
er method, significant chances of destruction of this intermediate NH4 + leads to an under­
estimation of added fixed NH4 + . Bremner et al. (1967) considered this method to be reliable 
for the determination of native fixed NH4 + .
Factors Affecting Rate and Magnitude of NH4 + Fixation
Generally, clay size fraction and clay mineralogical composition play an important role 
in fixation of added NH4 + . In addition, several factors other than mineralogical composition 
have been found to influence the capacity of the soils to fix NH4 + . These include time, NH4 + 
concentration, wetting and drying cycles, presence of various cations, base saturation, pH and 
soil organic matter.
Time
Fixation rate, controlled mainly by ion diffusion, is highest in periods immediately after 
NH4 + addition and slows down as the equilibrium point is reached (Nommik, 1965; Sippola et 
al., 1973; Opuwaribo and Odu, 1978). About 60 to 90 % of the total fixation may occur within 
the first few hours.
Concentration of NH 4 +
The amount of NH4 + fixed has been generally found to increase with an increase in 
the amounts of NH4 + added (Nommik, 1965; Black and Waring, 1972; Opuwaribo and Odu,
11
1978; Sowden et al., 1978; Doram and Evans, 1983). Percentage of fixation generally de­
creases with an increase in the amount of NH4 + added.
Wetting and drying
Numerous studies have reported the influence of air-drying and alternate wetting and 
drying on fixation of added NH4 + (Black and Waring, 1972; Blasco and Cornfield, 1966; and 
Opuwaribo and Odu, 1978). Researchers have suggested that either increase in the concen­
tration of NH4 + in soil solution due to drying or dehydration of interlayer surfaces cause partial 
contraction of the lattice (especially smectite) as a consequence of drying may be the possible 
reason for the increase in NH4 + fixation.
Part icle size
In general, fixation has been shown to be associated with the clay fraction. In addition 
to the clay fraction, clayey silt and fine sandy soils often showed considerable NH4 + fixing 
capacity (Kaila, 1966; Opuwaribo and Odu, 1974; and Kowalenko and Ross, 1980).
Cations
It is evident that besides NH4 + , monovalent cations with low hydration energy (K + , 
Rb+ and Cs + ) and divalent cation with low hydration energy (Ba2 + ) may be subjected to 
fixation in 2:1 layer clay minerals (Kittrick, 1966). The depressive effect of K + on fixation of 
NH4 + has been the subject of a number of investigations. These studies have shown that the 
effect may vary depending on whether K + is added simultaneously, prior to, or after the addi­
tion of NH4 + . In accordance with earlier findings, the addition of K + prior to NH4 + depressed 
the fixation of NH4 + . An addition of K + simultaneously or after addition of NH4 + did not 
appreciably influence the amount of NH4 + fixed (Nommik, 1957). However, later studies did 
not show a clear trend regarding the influence of addition of K + on fixation of NH4 + (Osborne, 
1976b; Opuwaribo and Odu, 1978; Drury etal., 1989; Drury and Beauchamp, 1991). 
pH and degree  of base saturat ion
The significance of relative base saturation of soils and clay minerals on their capacity 
to fix NH4 + and K + has been the subject of several investigators. Raju and Mukhopadhyay
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(1975,1976) working with soils of India, showed that NH4 + fixation increased with increasing 
pH and base saturation. Nommik (1957) and Kaila (1962) also found a tendency for increased 
NH4 + fixation with increasing pH of the soils. Soils with pH values lower than 5.5 generally 
showed very low fixation. The marked effect of H + treatment on the fixation of NH4 + and K + 
is not fully understood. The high relative replacing power of H + is presumably an important 
factor influencing the equilibrium between exchangeable NH4 + [(NH4 + )e] and fixed NH4 + 
[(NH4 + )f], However, higher pH (> 8.2) may promote volatilization of NH3 and may reduce the 
fixation of NH4 + by shifting the equilibrium towards (NH4 + )e from (NH4 + )f.
Effect of organic matter
In soils NH4 + fixing capacity may vary with depth, and in general, the fixing capacity is 
usually greater in subsurface soils than in surface soils. Organic coatings on clays or other 
interactions with organic matter may retard the ability of clays to fix NH4 + (Hinnman, 1966; 
and Porter and Stewart, 1970). These authors suggested that organic matter either blocked 
the entry of NH4 + to fixing sites or prevented the collapse of the basal spacing of the minerals. 
Bioavailability of Fixed NH4 +
The significance of NH4 + fixation with regard to bioavailability of fertilizer N in arable 
soils has been the subject of numerous investigators. In soils, two main microbial processes 
are responsible for the consumption and removal of NH4 + : (i) nitrification and (ii) assimilation. 
Nitrification is the process whereby NH4 + is oxidized to N03". Conversion of inorganic N 
compounds into organic state by soil microorganisms and plants is considered as assimila­
tion. These two processes are fundamentally different but both promote the release of fixed 
NH4 + in soils. As discussed above, fixation and defixation are considered as two opposed 
reactions in a reaction system striving toward equilibrium. Fixed NH4 + in soils is thought to be 
in equilibrium with exchangeable and water soluble NH4 + . As the water soluble and ex­
changeable NH4 + concentration decrease as a result of microbial action or by plant uptake, 
replenishment of these fractions generally occurs by release of NH4 + from fixed sites.
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Availability to nitr if iers
The first thorough investigations on the availability of fixed NH4 + to nitrifying organ­
isms are those of Bower (1951) and Allison and co-workers (Allison etal., 1951; Allison and 
Roller, 1955). These studies revealed that about 13 - 28% of fixed NH4 + was nitrified over a 4- 
day period. In contrast, Kowalenko and Cameron (1976) and Sowden (1976) working with 
eastern Canadian soils, showed that the fixed NH4 + was nitrified only slowly. In Sowden’s 
(1976) experiment with eastern Canadian soils, the native fixed NH4 + remained relatively 
constant for about 100 days then it decreased by 20-30 %. In the same experiment the added 
fixed NH4 + was relatively constant for 20-30 days, then decreased about 25 % over a 20-30 
day period.
Low availability of added NH4 + to nitrifiers in high fixing Swedish soils has been re­
ported by Nommik (1957). Nommik pointed out that the availability of fixed NH4 + was de­
pendent on the degree to which the total fixing capacity of the soil was saturated by NH4 + . 
Availability increased with increasing saturation of the soil’s NH4 + fixing capacity. In contrast, 
high availability of added NH4 + to nitrifiers was reported by other authors (Preston, 1982; 
Recous and Mary, 1990; Drury and Beauchamp, 1991). The availability of added NH4 + to 
nitrifiers in soils with differing NH4 + fixing capacities has been studied by several researchers 
(Aomineand Higashi, 1953;Axley andLegg, 1960; Fischer etal., 1981; Drury and Beauchamp, 
1991). These studies showed an unmistakable tendency of decreasing nitrification of added 
NH4 + with increasing NH4 + fixing capacity.
Low availability of fixed NH4 + to nitrifiers, reported by several researchers, may be 
considered inconsistent with the theory of the reversibility of the fixation-defixation reaction. 
However, it should be born in mind that in soil systems, K + may interfere with defixation of 
NH4 + . The interfering effect of K + is evidenced by the fact that, contrarily to soils, the avail­
ability of fixed NH4+ in K + -free clay minerals, such as vermiculite and montmorillonite, is high 
and comparable with that of exchangeable NH4 + . The interfering effect of K + on the effec­
tiveness of nitrifying organisms to release fixed NH4 + from vermiculite and montmorillonite
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has been studied in detail by Welch and Scott (1960). The results obtained by these workers, 
as well as Van Schreven (1968), stress the significance of the soil’s K+ status on the availabili­
ty of fixed NH4 + to the nitrification process.
Availabi li ty to heterotrophic soil microorganisms
In general, the ability of heterotrophic soil microorganisms to assimilate NH4 + is 
highly dependent on the supply of an available energy source. Soil with large amounts of an 
available energy source and low amounts of exchangeable K + and NH4 + is a favorable condi­
tion for the release of fixed NH4 + and K + from fixed sites. Nommik (1957) found that fixed 
NH4 + was available to soil microorganisms when the soil was supplied with readily available 
energy source like glucose. He also found a drastic reduction in availability of fixed NH4 + to 
microorganisms when K + was added to the soil system. An incubation technique involving 
measurement of C02 evolution used by Nommik (1965), suggested a substantial release of 
fixed NH4 + . A recent study by Drury and Beauchamp (1991) indicated that microbial immobi­
lization and nitrification promoted the release of fixed NH4 + . They also observed that the rate 
of release of fixed NH4 + was slower than the rate of fixation.
Availability of f ixed NH 4 + to plants
The first attempt to elucidate the availability of fixed NH4 + to plants was made by 
Bower (1951) who used a modified Neubauer technique to compare the plant availability of 
exchangeable and fixed NH4 + . Neubauer technique is a quantitative method originally 
proposed for the determination of available potassium and phosphorus in soils by culturing 
seedlings in specified pots for 17 days with 100 g of any soil under specific conditions defined 
by Neubauer and analyzing the nutrient content in the plants. In Bower’s (1951) study only 
10% recovery of fixed NH4 + was reported. Similar low availability of fixed NH4 + to plants was 
recorded by other authors (Allison et al., 1951; Nommik, 1957). However, later studies re­
vealed the high availability of fixed NH4 + to plants (Black and Waring, 1972; Mohammed,
1979; Mengel and Scherer, 1981; Keerthisinghe etal., 1984). Black and Waring (1972), study­
ing the availability of fixed NH4 + in a wheat crop in pot culture, reported about 50% of the
recently fixed NH4 + recovery by a single cropping, whereas intense cropping and successive 
cropping removed almost all of the recently fixed NH4 + . Mohammed (1979) found that barley 
seedlings removed about 38% of the fixed NH4 + in a 21 d growth period. However, Saha and 
Mukhopadhyay (1986) found no contribution of recently fixed NH4 + to the total increase of N 
uptake by maize crop at two planting densities during the first 30d stage of crop growth at a 60 
kgha '1 level of N application. These researchers did observe utilization of a large portion of 
the recently fixed NH4 + over a 60d growth period by maize plants at both 60 and 300 kg ha'1 
level of N fertilization.
In recent years, large quantities of nitrogen as NH4 + have been used to increase crop 
production in agriculture. Because of the nature of the reaction involved between fertilizer 
NH4 + particles and soils, considerable attention is now being focused on the contribution of 
this fixed NH4 + to the plant-available N pool. However, NH4 + fixation should not be consid­
ered as an entirely unfavorable reaction from the agronomic point of view. Under certain soil 
and climatic conditions, clay fixation conserves fertilizer NH4 + by causing 2:1 clay minerals to 
serve as a slow-release reservoir. In addition, clay fixation may be a positive factor that prev­
ents losses of fertilizer NH4+ through leaching, volatilization, and denitrification and ensures a 
more even supply of N throughout the growing season.
CHAPTER 2
DISTRIBUTION OF NITROGEN IN SOILS OF THE SOUTHERN 
MISSISSIPPI RIVER ALLUVIAL PLAIN
Introduction
The southern Mississippi River floodplain contains a unique group of soils formed in 
sediments deposited by the Mississippi River during the last 7500 years (Schumacher et at.,
1988). The mineralogy and textural characteristics of these soils are highly diverse because 
initial deposits may have originated anywhere within the river’s drainage basin and because 
flooding and meanderings of the river have sorted sediments during deposition (Schumacher 
et al., 1988). Agriculture is a primary industry of the lower Mississippi Delta and soils of this 
region are used extensively for the production of timber, cotton (Gossypium hirustum), rice 
(Oryza sativa), and sugar cane (Saccharum spp.hyb.). These soils typically contain low 
amounts of organic matter and do not accumulate appreciable amounts of surface or subsur­
face NOg'-N (Breitenbeck, 1990). Despite the apparent low soil N fertility and high rainfall of 
this region, numerous field studies demonstrated that optimum yields of cotton and other 
crops are frequently obtained with little or no addition of fertilizer N.
It is generally assumed that residual fertilizer N and the mineralization of crop residues 
and native organic matter are largely responsible for the inherent N fertility of soils, but several 
studies suggest that nonexchangeable NH4 + can also represent a significant N fraction con­
tributing to the plant-available N pool (Black and Waring, 1972; Mengel and Scherer, 1981; 
Keerthisingheetal., 1984; Beathgen and Alley, 1987). Many alluvial soils of the lower Missis­
sippi Delta are rich in 2:1 clay minerals, such as montmorillonite (smectite), illite, and vermicu- 
lite. Therefore, these soils may contain substantial amounts of NH4 + entrapped in the inter­
layer spaces of these minerals. Entrapped NH4 + is sometimes referred to as clay-fixed or 
mineral-fixed NH4 + , but it is more accurately described as nonexchangeable NH4 + (Bremner,
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1965). In addition to their capacity to contain a pool of "native-fixed" NH4 + , some 2:1 minerals 
may retain NH4 + derived from recent applications of N fertilizers.
Despite the agricultural importance of the alluvial soils of the lower Mississippi Delta, N 
dynamics in these soils are not well understood, and little information is available regarding the 
amounts of various forms of N present. The principal objectives of this study were to character­
ize the amounts and forms of N within profiles (0-150 cm) representative of the principal agri­
cultural soils of the region and to identify the relationships between N distribution and various 
physical, chemical and mineralogical properties. Identifying soil properties that are highly 
correlated to soil N fractions, especially those properties contained in existing databases, 
would be useful for approximating N distribution of soils of this region and may provide insight 
into the factors influencing N accumulation and fertility.
Materials and Methods
Nine soils were selected to represent the principal acreage in the southern Mississippi 
River alluvial floodplain. This region lies within an area designated as Major Land Resource 
Area(MLRA) 131 by the USDA-SCS and includes portions of AK,KY,LA,TN,MO and MS. Major 
Land Resource Area 131 also includes alluvial plains of the Ouachita River and Red River, but 
soils representative of those areas were not included in this study. Sites sampled were selected 
from among those used by the USDA-SCS to characterize the soils of the Mississippi River 
alluvial province in Louisiana. Soil samples were collected by horizon to a depth of 150 cm to 
ensure that the entire rhizosphere of deep-rooted crops such as cotton was represented. Sites 
selected were farmer’s fields used for production of row crops representative of the area and 
soil type. Fields where management histories included unusual crops or excessive N fertiliza­
tion were excluded.
Soil samples (52 horizons total) were air-dried and passed through 2-mm sieve prior to 
analysis. Total N was determined by a modification of the Kjeldahl procedure involving pre­
treatment of samples with 5/Vf HF:1 M HCI to quantitatively recover NH4 + entrapped within 
clay minerals (Bremner, 1965). Nonexchangeable NH4 + was determined by pretreatment of
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samples with 2M KOBr to remove organic N and exchangeable NH4 + prior to HF.HCI Kjeldahl 
digestion as described by Silva and Bremner (1966). NH4 + -N and NOg'-N in 1M KCI extracts 
were measured using a Wescan Ammonia Analyzer (Alltech Associates, Deerfield II). Organic 
N was calculated as the difference between total N and the sum of nonexchangeable NH4 + -N, 
exchangeable NH4 + -N and NOg"-N. Per hectare estimates of the amounts of N present to 
various depths were calculated for each soil by summation of the amounts contained within 
each horizon weighted by the horizon’s contribution to the depth specified. The amounts of N 
contained within each horizon were estimated by multiplying the N concentration by the air- 
dried bulk density.
Soil pH values were determined using 1:1 soihwater suspensions. Clay and silt cont­
ents were determined by a hydrometer method (Day, 1965). Bulk density was determined by 
core method. Organic C content was measured by the modified Walkley-Black wet oxidation 
procedure described by Nelson and Sommers (1982). Extractable P was measured by the 
modified Bray II procedure of Brupbacher et al. (1970). Exchangeable bases were determined 
by inductively coupled plasma emission (ICP) analyses of 1M NH4OAC soil extracts (Thomas,
1982). Values for cation exchange capacity were obtained by adding values of exchangeable 
bases with values of BaCI2' TEA extractable acidity. BaCI2' TEA extractable acidity values 
were obtained from SCS characterization data (Schumacher et al., 1988). Potassium 
entrapped in the interlayers of 2:1 clays, ’clay-fixed K + ’ was approximated as the difference 
between the amounts of K soluble in hot 1M HNOg and K extracted with 1M NH4OAc (Mor- 
tland et al., 1957).
Clay mineralogy was characterized in all surface horizons and in representative sub­
surface horizons selected from each profile (27 samples total). The clay fraction (< 2 urn) was 
separated from other soil constituents by siphoning suspended material at a time and depth 
calculated from stokes law after dispersal of samples in a suspension containing sodium 
hexametaphosphate (Baver et al., 1972). A portion of each clay fraction was treated with 4M 
KCI and a portion with 7.5M MgCI2. Sets of MgCI2-treated samples were subsequently treated
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with 1 % aqueous solution of ethylene glycol and another with glycerol to allow identification of 
smectites and hydroxy-interlayered and low-charge vermiculites. Oriented K + -saturated clay 
specimens were subjected to X-ray diffraction analyses after heating (300° C and 500° C) 
using a Philips diffractometer. Glycol-and glycerol-solvated Mg-saturated specimens were 
subjected to X-ray analyses. Diagnostic maxima established by Brown and Brindley (1980) 
were used in identification of clay minerals. The portion of smectite, illite, hydroxy-interlayered 
vermiculites and low-charge vermiculites in each sample was approximated by dividing the 
peak areas associated with each of these minerals by the sum of their peak areas.
In addition to mineralogical analysis, total elemental composition of representative 
horizons was determined in HN03:HCI digests of samples treated with HF to dissolve silicate 
minerals (Bernas, 1968). Inductively coupled plasma (ICP) analysis was used to measure Al, 
Ca, Fe, K, Mg, Mn, Na, P, S and other elemental contents of these digests. Free oxides of Fe 
and Al were determined by the procedure of Mehra and Jackson (1960) involving dithionite 
reduction.
Mineralogical, physical and chemical variables were treated by stepwise multiple 
regression analysis to identify soil properties related to N distribution. Only those variables 
that contributed significantly (p <0.05) to regression were retained in the models presented. 
Statistical analyses were performed using CSS:Statistica Ver. 3.1 (StatSoft, Inc., Tulsa OK). 
Results and Discussion
Soil characterizat ion and clay mineralogy
Because of the episodic nature of alluvial deposition in the southern Mississippi River 
floodplain, soils of this region display considerable diversity among series and within the pro­
files of areas mapped as the same series. The nine sites sampled represented agriculturally 
important soil series (Table 2.1) and reflected a wide-range of properties characteristic of soils 
of this region (Tables 2.2 & 2.3). All sites were used for commercial production of row crops 
representative of the area and soil type. The soils ranged from moderately well drained silt 
loams to very poorly drained clays. Clay contents ranged from 22-84% and were fairly con-
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Table 2.1. Series selected to represent agricultural soils of the southern Mississippi River alluv­
ial plain.
Series Hectares^ Taxonomic class
Alligator 500,838 very-fine, montmorillonitic, acid, thermic Vertic 
Haplaquepts -f
Baldwin 64,500 fine, montmorillonitic, thermic Vertic Ochraqualfs f
Commerce 487,272 fine-silty, mixed, nonacid, thermic Aerie 
Fluvaquents
Dundee 503,370 fine-silty, mixed, thermic Aerie Ochraqualfs §
Forestdale 546,491 fine, montmorillonitic, thermic Typic Ochraqualfs
Iberia 40,514 fine, montmorillonitic, thermic Vertic Haplaquolls
Sharkey 1,823,977 very-fine, montmorillonitic, nonacid, thermic 
Vertic Haplaquepts
Tensas 188,021 fine, montmorillonitic, thermic Vertic Ochraqualfs f
Tunica 159,138 clayey over loamy, montmorillonitic, nonacid, thermic 
Vertic Haplaquepts}
 ̂Number of hectares mapped as series (all phases) in MLRA 131 (Soil Survey Staff, 1991).
t These pedons were characterized as having a montmorillonitic clay mineralogy (Schumacher 
et al., 1988). Based on the mineralogical data in Table 2.2 these pedons have mixed miner­
alogy.
§ This pedon was characterized as having a fine particle-size class (Schumacher et al., 1988). 
Based on the data in Table 2.2 (% clay), this pedon would have a fine-loamy particle class.
Table 2 .2 . Some physical and mineralogical properties of representative horizons.
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Soil Horizon Bulk Silt 
density
Clay Clay minerlogy
Kaolin Smectite lllite HIV LCV
(Mgnrf 3) (~ .............gkg - 1 -------- )
Alligator A 1.81 257 659 138 171 178 138 26
Bg2 1.74 219 726 174 261 225 65 0
Cg1 1.83 264 711 164 341 178 0 28
Baldwin A 1.40 140 468 94 164 98 94 19
Btg2 1.53 147 537 134 258 107 0 38
Cg 1.52 325 603 91 356 133 0 24
Commerce Ap 1.39 384 363 69 113 91 73 18
BCg 1.50 274 257 51 113 54 26 13
Cg3 1.45 375 329 72 158 79 0 2 0
Dundee Ap 1.61 54 223 42 53 51 58 18
Btg2 1.58 134 307 49 95 64 2 1 8 6
2 Cg 1.50 124 245 37 1 2 0 61 15 1 2
Forestdale Ap 1.40 163 720 151 238 166 130 36
Btg1 1.55 193 764 153 405 168 0 38
C 1.55 566 348 136 136 77 0 0
Iberia Ap 1.31 219 631 139 227 164 57 44
Bg 1.62 191 722 144 390 166 0 2 2
BCg 1.64 281 569 1 0 2 335 119 0 1 1
Sharkey Ap 1.79 2 1 2 743 134 334 178 59 37
Bg2 1 . 6 8 148 839 1 0 1 537 2 0 1 0 0
Cg2 1.84 78 730 124 379 168 36 2 2
Tensas Ap 1.61 165 501 1 2 0 180 130 45 25
Btg2 1.73 206 540 157 2 0 0 140 0 43
Cg2 1.62 152 351 84 151 95 0 2 1
Tunica Ap 1.79 258 541 108 184 146 81 2 2
Bg2 1 . 6 8 288 674 148 317 175 0 34
2 Cg 1.84 402 225 31 126 43 13 1 1
Table 2.3. Some additional properties of representative horizons.
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Soil Horizon pH Org.C Clay-fixed 











( - - - gkg ' 1 ........) ( cmolc:'kg" 1 ) ( mg kg ' 1 )
Alligator A 5.7 18.4 2.85 40.4 23.6 155 3.23
Bg2 5.0 7.0 2.49 40.2 24.2 83 3.00
Cgl 5.6 3.9 2.54 40.3 33.4 175 4.06
Baldwin A 6.4 2 2 . 2 1.95 35.3 26.2 91 4.00
Btg2 8 . 0 5.5 1.23 45.3 35.6 41 3.05
Cg 7.2 2 . 0 2 . 0 1 46.0 35.1 264 4.47
Commerce Ap 7.2 24.2 2.25 29.4 25.9 254 5.38
BCg 8 . 0 4.3 1.39 19.7 16.3 198 6 . 2 0
Cg3 8 . 2 4.4 1.73 26.8 24.1 265 7.01
Dundee Ap 6.4 6 . 0 1.06 14.5 8.9 47 4.16
Btg2 4.7 2 . 8 1.18 20.5 10.3 81 2.31
2 Cg 5.7 1 . 6 1.06 16.1 12.3 136 3.46
Forestdale Ap 5.9 18.2 2.36 2 1 . 1 20.4 76 3.41
Btg1 5.1 7.7 2 . 1 2 26.2 22.5 52 3.13
C 4.6 1.5 0.59 2 2 . 6 22.4 7 2.94
Iberia Ap 6 . 2 2 2 . 0 2.77 44.2 34.6 232 2.77
Bg 6.9 3.4 2.31 43.4 37.0 143 3.67
BCg 7.1 2.5 1.77 37.4 34.1 166 3.37
Sharkey Ap 5.7 2 0 . 1 2.87 46.9 39.5 151 4.17
Bg2 7.0 5.8 2.78 49.6 43.7 134 4.59
Cg2 7.7 5.4 2.36 56.3 51.7 124 4.27
Tensas Ap 5.4 18.6 2 . 0 0 31.8 22.7 95 3.37
Btg2 5.5 4.7 1.58 29.8 19.3 29 3.08
Cg2 5.8 1 . 2 1.37 24.7 17.4 1 1 0 3.24
Tunica Ap 5.9 23.2 2.44 31.7 30.9 136 5.17
Bg2 6.3 6.3 2.54 40.8 31.8 90 4.35
2 Cg 8.3 2.4 1.33 34.9 28.1 218 6.49
t SumCEC = NH4OAc exchangeable bases + BaCI2'TEA extractable acidity.
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sistent throughout the profile with the exception of the Forestdale and Tensas soils, where 
heavy-textured material overlaid silty C horizons. Alluvial soils of this region typically 
contain moderate to high levels of extractable P and exchangeable bases. In the surface and 
subsurface horizons studied, extractable P (Bray II) averaged 137 and 128 mg P kg ' 1 and 
exchangeable bases 27.5 and 26.9 cmolc 'kg '1, respectively. Soil reactions were from mod­
erately acid (pH 5.7) to near neutral (pH 7.2) in surface horizons and from very strongly acid 
(pH 4.8) to alkaline (pH 8 .2 ) in subsurface horizons.
X-ray diffraction analysis indicated that smectite was the dominant clay mineral in most 
horizons. Estimates showed that smectite represented 24-64% (avg, 42%) of the clay fraction 
and 5-54% of soil mass (Table 2.2). Illite and kaolinite were the second most abundant miner­
als (avg, 23% and 21 %, respectively), although a few horizons contained approximately equiv­
alent amounts of smectite and illite or kaolinite. Some profiles contained appreciable amounts 
of hydroxy-interlayered vermiculite (HIV), especially in surface horizons. Trace amounts of 
low-charge vermiculite (LCV) were evident in most profiles with the exception of Btg2  horizon 
of the Dundee soil where 28% of the clay fraction was comprised of low-charge vermiculites. 
Vermiculites have the greatest capacity to fix NH4  + and K + , whereas the fixation capacity of 
iilites depends on the extent of weathering and K + saturation of the lattice (Nommik and 
Vahtras, 1982). The capacity of smectites to fix NH4  + and K + varies greatly and depends 
upon charge density in these minerals (Chen et al., 1989). The relative abundance of the prin­
cipal minerals in the profiles studied are in general agreement with the values reported for 
corresponding series in an exhaustive study of the mineralogy of Mississippi River alluvium in 
Louisiana by Schumacher et al. (1988). Regression analyses revealed no clear relationships 
between particle size distribution and the abundance of various minerals within the clay frac­
tion.
Nitrogen distr ibution
Profiles (0-150 cm) contained 11.6 to 26.5 Mt Nha " 1 and averaged 18.8 Mt Nha ' 1 
(Table 2.4). An average of 6 8 .8 % of this N was recovered as organic N, 30.5% as nonex-
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Table 2.4. Amounts of N in various fractions within the surface 15,100 and 150 cm.
Soil
Depth






n h 4 +
Exch
n h 4  + n o 3'
(cm) ( ..... - —-  kg-ha' 1 ....... .......-.......... )
Alligator 0-15 5546 4735 (85.4) 726(13.1) 18(0.3) 1 2 (0 .2 )
0 - 1 0 0 20675 14888 (72.0) 5342 (25.8) 100 (0.5) 45 (0.2)
0-150 25816 16936 (65.6) 8295 (32.1) 134(0.5) 50(0.2)
Baldwin 0-15 3850 3364 (87.4) 387(10.1) 24 (0.6) 3(0.1)
0 - 1 0 0 11327 8735 (77.1) 2421 (21.4) 35 (0.3) 30 (0.3)
0-150 15812 11405(72.1) 4150(26.2) 54(0.3) 40 (0.3)
Commerce 0-15 3942 3388 (85.9) 486(12.3) 13(0.3) 15(0.4)
0 - 1 0 0 10516 7338 (69.8) 2935 (27.9) 52 (0.5) 35 (0.3)
0-150 14651 9842 (67.2) 4451 (30.4) 77(0.5) 51 (0.3)
Dundee 0-15 1719 1347 (78.4) 307(17.9) 9(0.5) 29(1.7)
0 - 1 0 0 9259 6414(69.3) 2416(26.1) 57 (0.6) 2 0 0  (2 .2 )
0-150 11626 7464 (64.2) 3632(31.2) 79 (0.7) 213(1.8)
Forestdale 0-15 3126 2476 (79.2) 622(19.9) 7(0.2) 0 (0 .0 )
0 - 1 0 0 14441 10127(70.1) 4194(29.0) 30(0.2) 0 (0 .0 )
0-150 16394 11287 (6 8 .8 ) 4964 (30.3) 36 (0.2) 0 (0 .0 )
Iberia 0-15 4919 4325 (87.9) 517(10.5) 9(0.2) 43 (0.9)
0 - 1 0 0 16079 11895 (74.0) 4065 (25.3) 16(0.1) 55 (0.3)
0-150 20361 14319(70.3) 5870 (28.8) 29 (0.1) 57 (0.3)
Sharkey 0-15 5505 4562 (82.9) 872(15.8) 18(0.3) 1 (o.o)
0 - 1 0 0 21116 14910(70.6) 5984 (28.3) 52 (0.2) 13(0.1)
0-150 26545 17478 (65.8) 8786(33.1) 6 6  (0 .2 ) 18(0.1)
Tensas 0-15 4085 3419(83.7) 610(14.9) 14(0.3) 0  (0 .0 )
0 - 1 0 0 12975 8983 (69.2) 3701 (28.5) 6 8  (0.5) 19(0.1)
0-150 15874 10280 (64.8) 5219(32.9) 87 (0.5) 26 (0 .2 )
Tunica 0-15 6746 5867 (87.0) 824(12.2) 13(0.2) 2 (0 .0 )
0 - 1 0 0 18757 13725(73.2) 4896(26.1) 33 (0.2) 4(0.0)
0-150 22307 15789 (70.8) 6349 (28.5) 39 (0.2) 15(0.1)
average 0-15 4832 3720 (84.9) 594(13.6) 14(0.3) 11 (0.3)
0 - 1 0 0 15016 10779 (71.8) 3995 (26.6) 49 (0.3) 45 (0.3)
0-150 18821 12756(67.8) 5746 (30.5) 67 (0.4) 52 (0.3)
 ̂Numbers in parenthesis are the percentage contribution of various fractions to total N 
within the depth specified.
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changeable NH4  + , and 0.7% as KCI extractable NH4  + and NOg'. Approximately 80% of the 
total N in these profiles was located in the upper 100 cm (avg, 15.7 Mt N ha"1). The surface 15 
cm contained an average 23.3% (4.4 Mt N ha'1) of total profile N. These amounts are substan­
tially greater than those reported for forest soils and are similar to total N contents of mollisols 
(Stevenson, 1984; Huntington etal., 1988). It should be noted, however, that per hectare 
estimates of total N are dependent upon soil density as well as N concentration. Air-dried bulk 
densities of these poorly structured alluvial soils averaged 1.56 Mgm ' 3  in surface horizons 
and 1.64 Mg m ' 3  in subsurface horizons, values considerably greater than those typical of 
well-structured mollisols.
Concentrations of total N in surface and subsurface horizons averaged 1 .94 and 0 . 6 8  g 
N k g '1. Most of the N in surface horizons (84.9%) was recovered as organic N, but appreci­
able amounts (10.1-17.9%) were recovered as nonexchangeable NH4  + entrapped within clay 
lattices. Nonexchangeable NH4 + accounted for a substantially larger portion (14.7-59.9%) of
total N in most subsurface horizons. Concentrations of exchangeable NH4+ were low in all
1 1 samples and averaged only 5.5 mg N kg' in surface horizons and 2.5 mg N kg ' 1 in subsur­
face horizons. Appreciable accumulation of NOg' was evident only in the coarse-textured 
Dundee soil where NOg' concentrations averaged 9.7 mg N kg ' 1 and 200 kg NOg' was pres­
ent in the surface 1 m (Table 2.4). Even though each of the other eight soils had been used for 
production of row crops several years prior to sampling, NOg' concentrations in these soils 
averaged 1.7 mg N kg ' 1 and tended to decrease with increasing soil depth. Profile accumula­
tions to a depth of 150 cm represented only 15-57 kg NOg'-N ha'1.
Relat ionships among N fractions
Total N contents were strongly correlated to organic N contents in the surface 
(r = 0.998) and subsurface horizons (r = 0.979), even though these soils contained substantial 
amounts of nonexchangeable NH4  + , but these relationships were not as strong as those with 
organic N (Table 2.5). Positive correlations between organic N and nonexchangeable NH4  +
















TN ON 0.998 0.979 0.994
* k k k k
TN NEA 0.770 0.578 0.433
★ **
TN EA 0.338 0.330 0.623
TN N03 0.007 -0.402 0.226
★ ** *
ON NEA 0.727 0.411 0.332
k k
ON EA 0.339 0.303 0.620
ON N03 0.038 0.026 0.262
NEA EA 0.241 0.243 0.247
NEA N03 -0.331 -0.329 -0.254
EA N03 -0.338 -0.261 0.237
 ̂ , P<0.005; , P<0.01; ,P<0.001
| TN, total N; ON, organic N; NEA, non-exchangeable NH4 + ; 
EA, exchangeable NH4  + ; and N03, NOg'
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contents suggest that interactions occur between these N fractions. Possibly, NH4  + released 
during mineralization of organic N contributes to N enrichment of 2 : 1  clays.
Experimental errors associated with measuring the low amounts of exchangeable 
NH4  + and N 03' present in these soils and the marked influence of management and climatic 
factors on these N fractions no doubt obscured relationships to other fractions. Nevertheless, 
analyses indicated that exchangeable NH4  + tended to increase with increasing total N and 
organic N contents (Table 2.5). Strongest correlations were obtained when all horizons were 
included to provide a wide range in total and organic N contents. No correlation was found 
between exchangeable and nonexchangeable NH4  + , but a weak (r = 0.332; p<0.05) inverse 
relationship was evident between N 03' and nonexchangeable NH4  + in subsurface horizons. 
Tota lN
Total N concentrations ranged from 0.72 to 2.52 g N kg ' 1 (avg, 1.94 g N kg '1) in sur­
face horizons and from 0.24 to 1.80 g N kg" 1 (avg, 0.68 g N kg"1) in subsurface soils. When all 
horizons were considered in statistical analyses to correlate total N to other soil properties, 
linear relationships were found for total N with organic C (r = 0.973), NH4 OAc-extractable K 
(r = 0.659), and the amount of illite plus vermiculite (r = 0.745). Total N was inversely correlated 
to the proportion of smectite in the clay fraction (r = 0.495; p = 0.009).
Stepwise multivariate regression analyses indicated that nearly all of the variability in 
total N not due to organic C could be attributed to the amount of illite and vermiculite present.
A regression model containing organic C and illite plus vermiculite contents accounted for 
99.0% of the variation in total N (Table 2.6). A similar strong relationship with organic C was 
found when surface horizons were treated independently, but an inverse relationship with illite 
was observed. When only subsurface horizons were considered, total N tended to increase 
with increasing clay content (r = 0.784), a relationship not evident in surface horizons. When 
surface horizons were excluded from analyses, correlation between total N and the amount of 
illite and vermiculite improved (r = 0.867), whereas that to organic C diminished (r = 0.872). A
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Table 2.6. Regression models that yielded the greatest r2  values by relating various N fractions 
to other soil properties.
Horizon Model ^ Adjusted r2
Total N (T N)
All TN = 99.4'OC + 2.09 ILL&VM 0.990
Surface TN = 99.4'OC - 4.05'ILL 0.993
Subsurface TN = 107 0 0  + 0.671 ILL&VM 0.977
Organic N (ON)
All ON = 104OC + 0.671 ILL&VM 0.986
Surface ON = 133'OC - 9.205'ILL 0.993
Subsurface ON = 86 .200  + 0.914ILL&VM 0.966
Nonexchangeable NH4 + (NEA)
All NEA = 1 .37ILL + 16.9'Fe:AI +
0.194'ExtK - 0.512'KAO 0.992
Surface NEA = 1.31 ILL + 19.5'Fe:AI 0.996
Subsurface NEA = 1.22ILL + 16.8Fe:AI +
0.297ExtK 0.996
Exchangeable NH4 + (EA)
All EA = 0.224 0 0  + 1.94BD-
9.9616'BASES 0.839
Surface EA = No significant relationship




All N03" = 0.119LCV- 12.35'BD 0.268
Surface NOg" = No significant relationship
Subsurface NOg" = 0.121LCV - 0.0169'KAO +
0.0206'HIV 0.738
■f BASES, total extractable bases (cmolc'kg“1); BD, bulk density (Mg m"3); Fe:AI, molar ratio of 
dithionate-extractable Fe and Al; ExtCa, ExtK, extractable Ca2+ and K + (m gkg '1), respective­
ly; HIV, hydroxy-interlayered vermiculite (gkg"1); KAO, kaolinite (gkg“1); ILL, illite (g k g '1); 
ILL&VM, sum of illite and vermiculite (g kg-1); LCV, low charge vermiculite (g kg"1); OC, organ­
ic C (gkg"1).
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model containing these two variables accounted for 97.7% of the variation in subsoil total N. 
The relationships observed in surface and subsurface horizons among total N, organic C and 
mineral fractions can be interpreted as reflections of the relative contributions of organic N and 
nonexchangeable NH4  + to total N.
Organic N
Organic N concentrations ranged from 0.56 to 2.22 g N kg" 1 (avg, 1 . 6 6  g N kg '1) in 
surface horizons and from 0.14 to 1.47 g N kg" 1 (avg, 0.44 g N kg"1) in subsurface soils. As 
expected, organic N was highly correlated to organic C (r = 0.976). The relationship between 
organic N and organic C content was somewhat stronger in subsurface horizons (r = 0.945) 
than in surface horizons (r = 0.909). Stepwise regression analyses indicated that the same 
relationships observed with total N were evident with organic N, although the contribution of 
organic C to regression was greater and that of illite and vermiculite less (Table 2.6).
No relationship was found between C:N ratios and the amounts of illite and vermiculite, 
and therefore it is unlikely that their contribution to regression accounts for differences in the 
composition of the organic fraction. More likely, the apparent relationships between organic C 
and these 2:1 clays are an artifact of the method used to determine organic N. Organic N was 
calculated as the difference between total N and the sum of nonexchangeable NH4  + -N, 
exchangeable NH4 +-N and N0 3 "-N. Work in progress indicates that the treatment of samples 
with a strong oxidizing agent to quantitatively remove organic N prior to determination of 
nonexchangeable NH4  + as described by Silva and Bremner (1966) or Dhariwal and Steven­
son (1958) can result in appreciable losses of clay-fixed NH4  + . Unrecovered nonexchange­
able NH4  + would be accounted for as organic N in this study, and may be responsible for the 
apparent contribution of illite and vermiculite to regression models predicting organic N. 
Nonexchangeable  NH4 +
Nonexchangeable NH4  + is that NH4  + -N which is not replaced by K + in a neutral salt 
solution because it is entrapped primarily within the interlayers of certain 2 : 1  clay minerals 
such as vermiculite, illite and smectite (Bremner, 1965). In practice, nonexchangeable NH4  +
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is defined by the methodology employed to recover this fraction. Keeney and Nelson (1982) 
reviewed the various methods proposed for determination of nonexchangeable NH4  + and 
recommended that of Silva and Bremner (1966). Numerous studies using the procedure 
employed (Silva and Bremner, 1966) showed that most mineral soils contain some nonex­
changeable NH4  + , and this fraction may represent more than 50% of the total N in subsurface 
horizons containing large amounts of 2 : 1  clays.
Nonexchangeable NH4  + in surface horizons ranged from 128 to 325 mg N kg" 1 (avg, 
250 mg N kg '1), and in subsurface horizons from 94 to 363 mg N kg ' 1 (avg, 234 mg N kg"1). 
This fraction accounted for an average 13% and 37% of total N in the surface and subsurface 
horizons, respectively. Nonexchangeable NH4 + increased with increasing clay content 
(r = 0.864) and was most closely related to the amounts of fixed K + (r = 0.895), illite (r = 0.871) 
and smectite (r = 0.782) present. These findings differ somewhat from those of Doram and 
Evans (1983) who found significant but weak correlations to clay and illite contents in Cana­
dian soils, and are in marked contrast to those of Black and Waring (1972) who reported no 
significant relationships to clay content or mineralogy in montmorillonitic soils of Australia.
These discrepancies may be partially explained by the fact that although we found the 
amount of nonexchangeable NH4  + -N kg " 1 soil tended to increase as the clay percentage 
increased, the amount per kg of clay decreased linearly as the soil clay percentage increased 
(r = -0.604, p< 0.001). These two trends tend to offset one another, and relationships between 
nonexchangeable NH4  + and clay content or mineralogy would not be readily apparent in 
sample sets containing a narrow range in clay composition. When nonexchangeable NH4  + -N 
was expressed on a clay rather than total soil weight basis, concentrations were inversely 
correlated to the percentage of kaolinite in the clay fraction and positively correlated to the 
percentage of vermiculites, as would be expected.
The proportion of NH4  + to K + entrapped in the interlayers of 2 : 1  clays also influences 
the amount of nonexchangeable NH4  + present. In these soils, the molar ratio of clay-fixed K + 
to NH4 + averaged to 25:1 in surface horizons and 21:1 in subsurface horizons, even though
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surface horizons contained greater amounts of total N and exchangeable NH4  + . The molar 
ratio of clay-fixed K + to NH4  + was positively correlated to the amount of organic C 
(r = 0.696), but no relationship to extractable K + or other soil variables was evident. These 
findings are somewhat surprising because of the established relationships between K + and 
other exchangeable cations and the fixation and release of nonexchangeable NH4 + (Nommik, 
1957). The greater availability of organic substrates in surface horizons may promote the 
extraction of nonexchangeable NH4  + by soil microorganisms (Nommik and Vahtras, 1982). 
Alternatively, organic coatings on clays or other interactions with organic matter could retard 
the ability of clays to fix NH4 + (Hinman, 1966; Porter and Stewart, 1970).
Despite a strong linear relationship between fixed K + and nonexchangeable NH4  + , 
fixed K + did not contribute significantly to regression when mineralogical variables were 
included in analyses. Stepwise regression analyses indicated that 98.7% of the variation in 
nonexchangeable NH4 + could be attributed to the amount of illite present and the molar ratio 
of dithionite-extractable Fe to Al. The later variable reflects the weathering state of clay miner­
als where a larger ratio indicates less extensive weathering (Barshad, 1964). Although the Fe: 
Al molar ratio no doubt accounted for contributions of other clays to nonexchangeable NH4  + , 
including kaolinite and extractable K + in the regression model led to a small improvement in
O
the r value (Table 2.6). When surface horizons were excluded from the analyses, the same 
variables accounted for a slightly greater percentage of the variation in nonexchangeable 
NH4  + . When surface horizons were considered independently, the linear relationships 
between nonexchangeable NH4 + and illite and the molar ratio of Fe:AI oxides improved and 
other variables did not contribute significantly to regression.
C:N ratios
The C:N ratio of soil humus is usually estimated as 10:1 and that of plant residues 
generally much greater (Volk and Loeppert, 1982). While most soils contain ratios of soil 
organic C and N above the 10 to 12 range, a few studies have reported lower C:N ratios 
(Young, 1962; Moore and Ayeke, 1965). Soils of the humid southeastern USA typically contain
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low amounts of organic C, and C:N ratios substantially less than 1 0 : 1  are frequently encoun­
tered.
In the nine profiles studied, C:N ratios based on total N values averaged 7.44 + 0.95 in 
surface horizons, 4.66 + 1.43 in subsurface horizons, and 5.14 + 1.72 overall. When C:N ratios 
were calculated using organic N rather than total N as suggested by Young and Aldag (1982), 
C:N ratios increased (overall avg, 7.80 + 2.27), but they remained substantially less than 10:1 
in some surface and most subsurface horizons.
The low C:N ratios of these soils may result because the warm, humid climate of the 
lower Mississippi Delta promotes more complete degradation of the organic fraction than 
occurs in more temperate climates. However, we cannot discount the possibility that low C:N 
ratios in this and other studies reporting values of less than 1 0 : 1  may be an artifact of the 
methods used for determination of organic C and N. Concern that low C:N ratios were attribut­
able to the inability of the wet-oxidation technique used in the current study to quantitatively 
measure organic C was unfounded because additional analyses using a dry combustion tech­
nique provided similar values. The possibility remains that procedures used to determine 
organic N overestimate this fraction. Because of the importance of C:N ratios in estimating the 
release of soil N to crops, the factors responsible for the low C:N ratio of these soils merit 
further investigation.
Exchangeable NH4 + and N O 3
Despite low C:N ratios, appreciable accumulations of mineralized N as exchangeable 
NH4  + and NOg" were not evident within the profiles studied. Potassium chloride extractable 
NH4 + and NOg" averaged only 3.15 and 2.6 mg N kg"1, respectively. These low amounts are 
typical of soils in the humid southeastern USA where combined values of extractable NH4  + 
and NOg" are commonly less than 10 mg N kg ' 1 (Breitenbeck, 1990).
Concentrations of exchangeable NH4 + ranged from 3.7 to 1 1 .4 mg N kg ' 1 in surface 
horizons and from 0.23 to 6.5 mg N kg " 1 in subsurface horizons. Multiple regression indicated 
that the concentrations of NH4  + present in these soils could best be related to the amounts of
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organic C, bulk density and the amount of extractable bases. A model containing these varia­
bles accounted for 84% of the variation in NH4  + (Table 2.6). This apparent relationship with 
organic C was evident because surface horizons contained higher amounts of both organic C 
and NH4 + than did subsurface horizons. When subsurface horizons were excluded, no signif­
icant relation with organic C or other soil variables was evident. In subsurface horizons, 
nonexchangeable NH4 + increased with higher bulk density and extractable K + , and de­
creased as extractable Ca2  + increased. The contribution of these cations to regression may 
reflect the capacity of K + to retain entrapped NH4  + and that of Ca2  + to promote its release 
(Young andAldag, 1982).
Generally, these soils (0-150 cm) did not contain substantial accumulations of NOg' 
(avg, 61 kg N ha '1). An average 2 1 % of NOg'-N was contained in the surface 15 cm. Concen­
trations in the surface horizons ranged from <0.1 to 21.9 g N03"-N kg~ 1 soil (avg, 5.4 g 
N 03"-N kg"1). Concentrations in subsurface horizons were very low (avg, 2.0 g NO g'-Nkg'1) 
in most profiles with the exception of the coarse-textured B horizons of the Dundee soil which 
contained an average 12.3 g N 0 3 ~-Nkg"1. Nitrate concentrations were positively correlated to 
the amounts of low-charge vermiculite in clay fractions and inversely related to bulk density. 
About 21 % of the variation in NOg" was attributable to the amount of low-charge vermiculite 
present. This relationship was more evident when subsurface horizons were considered 
independently (Table 2 .6 ). The relationship to low-charge vermiculite is noteworthy in that it 
was the soil variable most closely correlated to N03". However, this relationship may be en­
tirely spurious and due solely to the coincidental appearance of high amounts of low-charge 
vermiculite in the few horizons containing elevated levels of N03".
It is difficult to account for the low amounts of mineral N detected in these soils. The 
high rainfall of the region suggests the possibility of losses via leaching or denitrification. 
However, an increase in N 03" generally did not occur in the subsoils of the better drained soils 
and the amounts of N 03‘ in the profiles of coarser-textured soils were not substantially greater 
than in very poorly drained soils where conditions are more conducive to denitrification.
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Possibly, the capacity of these soils to fix mineralized or applied NH4 + reduces its availability 
to nitrifying microorganisms, thereby preventing appreciable accumulations of NOg". 
Approximating N distribution
The contributions of various N fractions to the plant available N pool are not well 
understood, in part, because little information has been available on the amounts and forms of 
N in these soils. Ironically, many soil surveys of this region do not provide information on N 
distribution because such data cannot be reliably interpreted to indicate N fertility.
Stepwise multivariate regression techniques were used to determine if the amounts of 
various soil N fractions can be approximated using physical and chemical soil properties 
typically included in soil survey reports. Variables used in these analyses included textural 
composition, pH, bulk density, organic C, cation exchange capacity, exchangeable bases, and 
extractable P. A close approximation (adj. r 2  = 0.984) of total N was estimated by a regression 
model including organic C and extractable K + (Fig. 2.1), variables that were highly correlated 
to organic N and nonexchangeable NH4  + contents. The model was fitted with an intercept 
forced to zero. Standard error of estimated values (SE) was 136 mg total N kg '1.
The best estimates of organic N and nonexchangeable NH4  + contents were obtained 
by simple linear models using different coefficients for the same variables as used to predict 
total N. Best estimates of organic N were obtained by forcing the intercept to zero whereas 
best estimates of nonexchangeable NH4  + were obtained by calculating an intercept (Fig 2 .1 ). 
Standard errors for predictions of organic N and nonexchangeable NH4 + were 124 and 28 mg 
N kg '1, respectively.
None of the models tested provided close approximations to the amounts of N present 
as exchangeable NH4 + or NOg'. Best estimates of exchangeable NH4 + were obtained using 
the linear model shown in Table 2.6. While this model accounted for 83.8% of the variation in 
exchangeable NH4 + , it provided estimates with an average deviation of more than 43% from 
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improve the precision of estimates. Nitrate concentrations proved even more difficult to pre­
dict, and our confidence in best-fit models was low because regression was strongly in­
fluenced by the few horizons containing appreciable NOg' accumulations.
Conclusions
These analyses indicate that when measured N values are not available, a reasonable 
approximation of the distribution of the principal N forms in the lower Mississippi Delta alluvium 
can be calculated from data generally included in soil survey reports or from analyses offered 
by most state university soil testing laboratories. The low amounts of exchangeable NH4  + 
and NOg' in surface and subsurface horizons could not be reliably estimated using other soil 
variables. No doubt, management history and environmental factors have a marked influence 
on the amounts of mineralized N present. Additional research is needed to determine whether 
the capacity of these alluvial soils to supply plants with N can be assessed from the amounts of 
various N forms present.
CHAPTER 3
AVAILABILITY OF 15N-LABELED NONEXCHANGEABLE AMMONIUM 
TO SOIL MICROORGANISMS
Introduction
It is well established that NH4  + may be entrapped within the interlayer spaces of 
vermiculite, illite and smectite and other 2 : 1  clay minerals. Soils containing appreciable 
amounts of these clay minerals, such as the alluvial soils of the lower Mississippi Delta, can 
contain a substantial portion of their total N as clay-entrapped nonexchangeable NH4  +
(Moore, 1965, Bremner et al., 1967; Mohammed, 1979; Paramasivam and Breitenbeck, 1994). 
These soils not only contain stores of "native" nonexchangeable NH4  + fixed during pedologi- 
cal processes, but can also fix additional N when ammoniacal or ammonium-producing fertil­
izers are applied (Nommik, 1957;Doram and Evans, 1983; Rice and Smith, 1984).
Most investigations of clay-fixed ammonium have focused on the availability of this N 
fraction to crops. Earlier researchers found that despite the presence of large amounts of 
nonexchangeable NH4  + in diverse soils, very little of this N was available to soil microorgan­
isms or to crops (Bower, 1951; Allison etal., 1953; Axley and Legg, 1960, Walsh and Murdock, 
1963, Martin etal., 1970). More recent studies using 1 5 N-labeled fertilizers have demonstrat­
ed that recently fixed N is actively involved in the N dynamics of soils (Kowalenko, 1981;
Mengel and Scherer, 1981; Saha and Mukhopadhyay, 1986) and suggest that the availability of 
recently fixed NH4 + to crops may exceed that of organically bound residual N (Preston,
1982). Keerthisinghe et al. (1984) found that total release of nonexchangeable NH4 + from 
two rice soils exceeded that attributable to recent additions o f 1 5 N-labeled fertilizers and 
suggested that native nonexchangeable NH4 + was released as well.
While there is growing evidence to suggest that a portion of nonexchangeable NH4  + 
in soils is potentially available to crops, our understanding of the mechanisms regulating the
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release and subsequent uptake of this N are not adequate to reliably anticipate its contribution 
to the nutrition of field crops. It is not clear, for example, whether plant uptake relies primarily 
upon direct assimilation of released NH4  + by plant roots or upon immobilization/mineraliza­
tion or nitrification processes mediated by soil microorganisms.
Nommik and Vahtras (1982) concluded that release of nonexchangeable NH4  + in 
soils is regulated by the amounts of NH4  + on the exchange complex and in the soil solution , 
and therefore depletion of extractable NH4  + by nitrifying or heterotrophic soil microorganisms 
should promote the release of nonexchangeable NH4  + . Early work, however, suggested that 
the role of soil microorganisms was of minor consequence because fixation of NH4  + by clays 
greatly reduced its availability to both nitrifiers and heterotrophs (Allison et al., 1953; Nommik,
1957; Jansson, 1958). More recent studies suggest that heterotrophic microorganisms can 
rapidly assimilate exchangeable or free NH4 + in soils containing 2 : 1  clay minerals (Okereke 
and Meints, 1985; Drury etal., 1989) and that a substantial portion of this N is eventually nitri­
fied (Drury and Beauchamp, 1991).
The variable capacity of soil microorganisms to immobilize added NH4  + complicates 
interpretation in studies where the biological availability of the clay-fixed fraction is assessed 
following the addition of labeled or unlabeled NH4  + . Moreover, the reliability of such studies 
is limited by the methods used to quantify various N fractions. Most investigators have deter­
mined fixed NH4+ using established methods that employ strong oxidizing agents (KOBr or 
KOH) to remove organically bound N. While it has been unequivocally demonstrated that 
these methods prevent spurious enrichment of clays with N released during oxidation of organ­
ic constituents (Dhariwal and Stevenson, 1958; Silva and Bremner, 1966), there is less reason 
to assume that such methods quantitatively recover the more easily released fractions present 
as nonexchangeable NH4 + (J. M. Bremner, personal communication). The blocking effect 
of added K + may not completely prevent losses of recently clay-fixed NH4  + during treatment 
of soils with strong alkali.
In this laboratory study, the role of soil microorganisms in the release of nonexchange­
able NH4 + was investigated in soils containing 15N (99.4% enrichment) initially present solely 
as recently clay-fixed 1 ^NH4 + to avoid the need for direct measures of nonexchangeable 
NH4 + in biologically active soils. Amounts o f 1 recovered as microbial biomass and KCI- 
extractable N after incubation of biologically active soils were compared to those in fumigated 
soil. The responses of the overall microbial community and of specific groups of heterotrophic 
microorganisms to various amounts of recently clay-fixed NH4  + were also investigated. The 
relative availability of recently clay-fixed NH4  + was compared to that of NH4  + added to soil as 
a neutral salt by measuring microbial respiration after addition of N and a readily available C 
substrate.
Materials and Methods
Soils used in these experiments were surface samples (0-15 cm) of Commerce fine silt 
(fine-silty, mixed, nonacid, thermic Aerie Fluvaquents) and Sharkey clay (very-fine, montmoril­
lonitic, nonacid, thermic Vertic Haplaquepts) collected from cultivated sites located near St. 
Joseph and Baton Rouge LA, respectively. Samples were air dried, ground to pass through a 
2 -mm sieve, mixed and stored at room temperature until use. Commerce soil (pH 7.2) con­
tained 24.2 g organic C kg ' 1 and 360 g clay kg '1, whereas the Sharkey soil (pH 5.7) contained 
2 0 . 1  g organic C kg" 1 and 730 g clay kg '1. Mineralogical composition of the clay fraction was 
characterized using a Philips X-ray diffractometer and the diagnostic maxima established by 
Brown and Brindley (1980). The proportions of smectite, illite and hydroxy-interlayered ver­
miculite in the clay fraction were estimated from the proportion of total peak area represented 
by the scan peak of each mineral. These analyses indicated that the clay fraction of Com­
merce soil was comprised of approximately 76% 2:1 minerals (31 % smectite, 25% illite, 20% 
hydroxy-interlayered vermiculite), and the balance quartz and kaolinite. Clays in Sharkey soil 
were comprised of approximately 77% 2:1 minerals (45% smectite, 24% illite, and 8 % hydroxy- 
interlayered vermiculite).
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Preparation of 15N labeled soils
To ensure that added 1 ̂ NH 4  + was fixed solely by clay minerals and not by organic 
constituents in soils (Nommik, 1970), subsamples were pretreated with hot 30% H2 0 2  until 
analyses using a Foss-Heraeus CHN analyzer (Hanau, Germany) showed that organic C 
contents were reduced to less than 0.1 g kg '1. To prevent fixation of NH4  + released during 
oxidation of organic matter, 40 meq K + was added as KCI prior to H2 0 2  (Silva and Bremner,
1966). Subsamples were then placed in 50-ml polypropylene centrifuge tubes and mixed with 
equal quantities of an aqueous solution containing 2000 mg (NH4 )2 S04-15N I" 1  (99.4% 15N 
enriched) and equilibrated for 48 h. After equilibration, samples were centrifuged, the super- 
natent discarded, and samples extracted twice with 2  M KCI (1:10; 2  h shaking) to remove free 
and exchangeable 1 5 NH4  + . Because K + saturation was likely to markedly inhibit the release 
of clay-fixed 1 ̂ NH4  + (Nommik and Vahtras, 1982), samples were finally leached with 50 ml of 
a dilute salt solution (0.016 M CaCI2, 0.004 M MgCI2, and 0.001 M KCI) to reestablish ratios of 
these cations similar to those present in field samples.
The amount o f 1 5 NH4  + fixed was determined by shaking 1 g of prepared soil with 20 
ml of 5M HF:1M HCIfor 24 hours and subsequent distillation with 10 M KOH. Amounts of 
1 5 NH4  + fixed was calculated as the difference between the amounts of NH4  + recovered 
before and after fixation o f 1 5 NH4  + and subsequent washing to remove unfixed NH4  1 . These 
procedures indicated samples of Commerce and Sharkey soils containing 220 and 230 mg 
15N kg"1, respectively, as recently clay-fixed 1 5 NH4  + , and that they contained an additional 
260 and 620 mg N kg"1, respectively, as native clay-fixed NH4  + .
Bioavailabi l ity of recently f ixed NH4 +
To study the availability of recently clay-fixed NH4  + to soil microorganisms, soils were 
prepared by combining an inoculum consisting of 5 g (oven-dry basis) field soil with a known 
quantity of clay-fixed 1  ̂ NH4+ diluted with sufficient H2 0 2-treated soil to give a total of 25 g 
soil containing the amount o f15N specified. The soil samples were mixed thoroughly, trans­
ferred to 250 ml bottles, their moisture tensions adjusted to 33 kPa by addition of deionized
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H2 0, and incubated (25°C) for various times. After 0 , 7 or 28 d, companion samples were 
destructively analyzed to determine various N fractions and biological activities. All experi­
ments were performed in duplicate.
The influence of microbial activity on the release of recently clay-fixed 1 5 NH4 + was 
studied by comparing the recovery o f 15N as exchangeable NH4  + , NOg' or microbial biomass 
N upon incubation of a Commerce soil prepared as described above to the recovery obtained 
from simiiar samples fumigated with chloroform immediately after addition of water (Table 3.1). 
In these experiments, the soil used as inoculum was pre-incubated under a He atmosphere for 
7 d to denitrify indigenous NOg' and to reduce the amounts of readily available C substrate.
To determine whether microbial uptake of clay-fixed NH4 + was dependent upon the availabili­
ty of a C substrate, additional samples were amended with 4000 mg mannitol-C kg ' 1 prior to 
adjusting moisture tensions.
In experiments to determine the extent that heterotrophic microorganisms could utilize 
different amounts o f15N initially present as recently clay-fixed NH4  + , samples of Commerce 
and Sharkey soils were treated with 4000 mg mannitol-C kg ' 1 (Table 3.2). In addition to 
measuring the recovery of 15N as KCI-extractable and biomass N, the effect of 90 or 180 mg 
clay-fixed 1 5 NH4  + -N kg ' 1 on the activity of soil microorganisms was investigated by measur­
ing the rate of fluorescein diacetate (FDA) hydrolysis and by comparing populations of hetero­
trophic bacteria, actinomycetes and fungi in soils incubated for 7 d.
The ability of soil microorganisms to utilize recently clay-fixed NH4  + relative to their 
ability to utilize NH4  + added as an aqueous solution was investigated by comparing C 0 2  
evolution from soils where microbial activity was presumed limited by the availability of N (Fig. 
3.1). Samples of Commerce and Sharkey soils containing 90 mg clay-fixed 1 5 NH4  + -N kg ' 1 
were prepared as described and placed in 250 ml bottles. Additional 20 g samples of these 
soils were treated with H2 0 2, mixed with 5 g of field soil, and amended with 0 , 2 0 , 40, 60, 80 or 
100 mg (NH4 )2 S04-N kg ' 1 added drop wise as aqueous suspensions. All samples were treat­
ed with 4000 mg mannitol-C kg" 1 and moisture tensions adjusted tc.33 kPa by addition of
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H2 0. Bottles were then sealed with 2 2 -mm Miniert caps (Precision Sampling, Baton Rouge,
LA) fitted with gas sampling ports and incubated (25°C) for 28 d. The atmospheres within the 
bottles were sampled at 1-d intervals during the initial 7 d of incubation and at 3-d intervals 
thereafter to determine head space concentrations of C0 2  and 0 2  by gas chromatography 
using a Tracor Model 150G Gas Chromatograph fitted with an ultrasonic detector (Tracor Inc., 
Austin, Tx). Atmospheres within the bottles were renewed when 0 2  concentrations declined to
<0.151 r 1.
N analyses
Exchangeable NH4 + and NOg'were determined by steam distillations of 2 M KCI soil 
extracts as described by Bremner (1965). The amount of N immobilized in soil microbial 
biomass was determined by extraction of chloroform-fumigated samples using 0.5 M K2 S0 4  
(Brooks et al, 1985). These extracts were subjected to Kjeldahl digestion to mineralize organic 
N prior to steam distillation. The NH4 + distilled from each N fraction was collected in boric 
acid solution and titrated to determine N concentration.
In analyses where the amounts of N derived from clay-fixed 1 5 NH4  + were subsequent­
ly determined, both CHgCOOH and C2H5OH were distilled between samples to reduce cross 
contamination (Mulvaney, 1986). Immediately after titration to determine NH4 + content, distil­
lates were acidified, evaporated to dryness, and 15N abundance determined using a Dupont 
Model 21-614 residual gas mass spectrometer (Hauck 1982). Where 15N concentrations were 
greater than 5 atom %, mass charge ratios of 29 and 30 were used to calculate isotope 
abundance.
Measures of microbia l  response
The effects of fixed NH4 + on heterotrophic microbial activity were investigated by 
measuring the rate at which fluorescein diacetate (FDA) was hydrolyzed as proposed by 
Schnurerand Rosswall (1982). Fifty ml of 60 mM phosphate buffer (pH 7.6) and 0.5 ml FDA (2 
g I '1) were added to a 250-ml erlynmeyer flask containing 2  g wet sample. The flasks were 
stoppered, incubated for 60 min at 25° C on a rotary shaker (200 rpm), 50 ml acetone was ad-
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ded, and the flask was swirled to stop further microbial activity. A 30-ml aliquot was centri­
fuged (3000 g\ 5 min), clarified using a disposable syringe filter (0.45 um) and adsorbance at 
490 nm measured. The rate of FDA hydrolysis was calculated by adjusting for moisture cont­
ent and using a standard curve prepared by adding various amounts of fluorescein to extracts 
obtained by adding 50 ml buffer and 50 ml acetone to soils and shaking for 00 min prior to fil­
tration.
The effects of recently clay-fixed NH4 + on soil populations of heterotrophic bacteria 
were enumerated using a most probable number technique involving inoculation of 5 replicate 
tubes containing tryptic soy broth (15 g Difco tryptic soy broth; 0 . 2  g NaH2 P04; and 1000 ml 
HpO) with various 10 -fold soil dilutions. Turbidity after 5 d (25° C in dark) was used as an 
indicator of growth. Actinomyces populations were estimated by a soil dilution plate tech­
nique where the number of colony forming units (CFU’s) were counted after incubation (14 d; 
25°C in dark) of spread plates containing Actinomyces isolation agar (Atlas, 1993) amended 
with 50 mg I" 1 cycloheximide and 5 mg I" 1 polymyxin B. Biostats were filter sterilized before 
addition to steam sterilized medium. Filamentous fungi populations were compared by a 
similar soil dilution plate technique using dextrose-peptone agar medium (Papavizas and 
Davey, 1959).
Statist ical  analyses
Experiments were analyzed as completely randomized factorial designs with 2  repli­
cates. In general, interactions were checked for significance at p < 0.05 within treatment 
combinations. Whenever interactions were found to be significant, post-hoc p-values were 
used to calculate least significant differences (LSD) for treatment means. Statistical analyses 
were performed using CSS:Statistica Ver. 3.1 (StatSoft, Inc., Tulsa OK)
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Results and Discussion
The role of soil microorganisms in the release of clay-fixed NH4  + was initially investi­
gated by determining the amounts of exchangeable NH4  + , NOg' and biomass-N recovered 
after 7 and 28 d incubations of Commerce silt loam containing 180 mg 15N kg" 1 as recently 
clay-fixed NH4  + (Table 3.1). The recovery of 1^N in these forms rather than as fixed 1 5 NH4 + 
was monitored because preliminary attempts to directly measure nonexchangeable NH4  + 
using the method of Silva and Bremner (1966) showed that substantial losses of fixed 1 5 NH4 + 
occurred during treatment of samples with KOBr.
The relative importance of microbial and non biological processes in the release of 
recently fixed NH4  + was studied by comparing results from biologically active soil to those 
from fumigated soil. After incubation of biologically active soil for 7 d, 18% of clay-fixed 
1 ^NH4 + was recovered as biomass N (Table 3.1). Incubation for an additional 2 1  days led to 
a decline in immobilized N and an increase in KCI-extractable NH4  + . About 36% o f15N initial­
ly present as clay-fixed NH4 + had accumulated as exchangeable NH4  + . Negligible amounts 
of this N were nitrified during the 28 d incubation despite a total accumulation of 98.7 mg 
exchangeable NH4 +-N kg '1. When samples were fumigated prior to incubation, approximate­
ly 20% of fixed 1 ̂ N was recovered as other forms. Fumigation effectively inhibited immobiliza­
tion and essentially all of the fixed NH4  + released was recovered as exchangeable NH4  + . 
Concentrations of exchangeable NH4 + increased to 56 mg N kg ' 1 during the first 7 d in soil 
containing fixed 1 5 NH4  + and remained constant during the remainder of the 28 d incubation. 
Soil containing no recently .fixed 1  ̂ NH4  + showed little change in exchangeable NH4  + and 
concentrations remained less than 15 mg N kg '1.
Labeled 1 ®NH4+ was initially fixed in soil by equilibrating a solution containing 2000 
mg ( 1 ®NH4 )2 S0 4  I" 1 to simulate conditions near a dissolving fertilizer particle or within an 
injection band. The release of a portion of this fixed N by ion diffusion or other non-biological 
processes after removal of exchangeable and free NH4  + is consistent with the conclusion of 
Nommik and Vahtras (1982) that fixation and release of clay-fixed NH4  + is dependent upon
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Table 3.1. Recovery of exchangeable NH4  + , NO3 '  and biomass-N (Bio-N) at various times 
after incubation of biologically active and fumigated soils containing 0  or 180 mg clay-fixed 
1 5 NH4  + -N kg ' 1  and 0 or 4000 mg mannitol-C kg"1.
Treatment Days N extracted Derived from fixed1 5 NH4  + ̂
Fixed Manni Fumi n h 4 + NOg' Bio-N n h 4 + N<V Bio-N
15n h 4 + added gated
*T
(mg N kg' 1) ( ....... -----  mg N kg ' 1 ........— ........-  )
0 - - 0 9.7 2 . 1 22.5 _ - -
- - 7 16.3 2 . 1 42.4 - - -
- - 28 23.6 2.7 38.8 - - -
180 - - 0 15.9 4.2 25.0 0.4(0) 0 .0 (0 ) 2.4 (1)
- - 7 54.9 4.1 79.7 35.1 (20) 0 . 1  (0 ) 31.8(18)
- - 28 98.7 5.8 69.3 63.9 (36) 0 .2 (0 ) 21.7(12)
0 - + 0 13.8 1.9 15.0 _ - _
- + 7 14.7 1 . 0 13.7 - - -
- + 28 14.9 2 . 0 14.8 - - -
180 - + 0 14.2 3.8 21.9 1 . 0  ( 1 ) 0 .0 (0 ) 2.3(1)
- + 7 55.7 2 . 2 22.4 35.4(20) 0 .0 (0 ) 2.4(1)
- + 28 55.4 2 . 0 20.4 34.1 (19) 0 .0 (0 ) 2 .0 ( 1 )
0 + . 0 12.3 2.9 2 2 . 6 - _
+ - 7 2 1 . 0 2.9 72.7 - - -
+ - 28 30.6 6 . 6 70.4 - - -
180 + - 0 15.4 4.2 22.4 0.5 (0) 0 .0 (0 ) 1 .0 ( 1 )
+ - 7 68.7 7.6 144.9 47.0 (26) 2 .6 ( 1 ) 60.8 (34)
+ - 28 81.5 18.0 141.2 60.8 (34) 8.5(5) 72.8 (40)
LSD 0.05 3.6 2 . 1 4.9 1.3 0.3 2.7
t Numbers in parentheses are percentages of added 15N recovered in various fractions.
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chemical equilibria between the amounts of NH4  + fixed by clays, on the exchange complex, 
and in the soil solution. The amounts of N accumulated as exchangeable NH4  + , however, 
were substantially greater in biologically active soil than in fumigated soil. The finding that 
exchangeable NH4 + in excess of that found in fumigated soil was not rapidly refixed by clays 
implies a hysteretic effect, possibly dependent upon soil concentrations of extractable NH4  + 
and K + (Nommik, 1965; Black and Waring, 1972). The concentrations and molar ratios of 
these competing ions are apt to be significantly different during dissolution of a fertilizer parti­
cle than after mineralization of immobilized N. These differences may provide the basis by 
which NH4  + released from fixation sites during immobilization eventually re-enters the pool of 
plant-available N.
Amending soil with mannitol to stimulate activity of heterotrophic microorganisms led 
to a substantial increase in immobilization of fixed NH4  + and its accumulation in KCI- 
extractable forms. After 7 d, nearly 145 mg N kg " 1 was recovered as biomass N (Table 3.1). 
About 34% of that N was derived from fixed 1  ̂ NH4  + . Despite an accumulation of 68.7 mg 
exchangeable NH4  + -N kg ' 1 after 7 d, soil microorganisms continued to assimilate 15N re­
leased from fixation sites. After 28 d, approximately 79% o f15N initially present as clay-fixed 
NH4  + was recovered as other forms: 40% as biomass N, 34% as exchangeable NH4  + and 5% 
as N03". Final concentrations of exchangeable NH4  + were somewhat less than those in soil 
receiving no mannitol, but 18 mg N kg ' 1 were recovered as NOg", about half of which was 
derived from 1 5 N. It is difficult to account for the clearly stimulatory effect of added mannitol 
on nitrification. Possibly, enrichment of the soil atmosphere with C0 2  produced during hetero­
trophic metabolism, or direct assimilation of mannitol or metabolites stimulated activity and 
growth of chemoautotrophic organisms responsible for nitrification (Schmidt, 1982).
Whether soil microorganisms directly assimilate clay-fixed NH4  + or reiy on ion diffu­
sion to replenish NH4 + taken up from clay surfaces or solution can not be deduced from these 
experiments. However, it is clear that heterotrophic microorganisms can rapidly utilize recent­
ly fixed NH4  + and that their activity results in an increase in the amounts of NH4  + released
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from fixation sites. The negligible amounts of fixed 1 5 NH4  + recovered as NOg" in soil 
unamended with mannitol is consistent with the findings of Scherer and Mengel (1986) and 
supports their conclusion that once NH4  + is entrapped by 2:1 clay minerals it is protected 
against nitrification until released. Our finding that addition of a C substrate enhanced recov­
ery of fixed 1 5 NH4  + as biomass and extractable N indicates that the release of fixed NH4  + is 
dependent, in part, upon N demand by heterotrophic populations.
To determine the extent that recently clay-fixed 1 5 NH4  + could be used by various 
heterotrophic populations, additional experiments were conducted using Commerce and 
Sharkey soils containing 0,90 or 180 mg clay-fixed 1 5 NH4 + kg ' 1 amended with 4000 mg 
mannitol-C kg ' 1 (Table 3.2). In these studies, 64-87% of 15N initially present as fixed NH4  + 
was recovered as biomass and extractable inorganic N after incubation for 7 d, and 82-99% 
recovered after incubation for 28 d. Recovery after 7 and 28 d averaged 82% and 96%, re­
spectively, in soils initially containing 90 mg clay-fixed 1 5 NH4  + , and averaged 71% and 83%, 
respectively, in soils containing 180 mg clay-fixed 1 5 NH4  + .
Differences in the availability of fixed NH4  + to heterotrophic microorganisms have 
been attributed largely to the interfering effects of K + on the release of fixed NH4 + (Nommik, 
1965; Nommik and Vahtras, 1982). The experiments reported in Table 3.2, however, indicate 
that the more rapid and complete release of 15N in soils containing lower amounts of recently 
fixed NH4+ was more likely due to greater demand for N by heterotrophic microorganisms 
than to differences in NH4  + or K + saturation of fixation sites.
Addition of mannitol led to substantial increases in biomass N even in soils that did not 
contain recently fixed 1 5 NH4  + (Table 3.2). As much as 77 and 157 mg biomass N were 
recovered, respectively, in Commerce and Sharkey soils that contained no fixed 1 5 N. The 
origin of this N can not be attributed to the low amounts of extractable NH4  + or NO3 " initially 
present or even to mineralization of the small amount of organic N remaining in these soils 
because significant mineralization of that N would not be expected after addition of a large
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Table 3.2. Recovery of exchangeable NH4  + , NOg" and biomass-N at various times after 
addition of 4000 mg mannitol C kg ' 1 to Commerce (Comm) and Sharkey (Shark) soils contain­
ing different amounts of clay-fixed 1 5 NH4  + . FDA hydrolysis in soils was measured as an index 
of microbial activity.
Soil Fixed




iys N extracted Derived from fixed 1 5 n h 4 + 1 FDA
hydrolytic
activityn h 4 + NOg- Bio-N NH4  + NOg- Bio-N
(mg N kg" 1) ( - ....... mg N kg ' 1 -------- ) (mg FDA h '1 kg '1)
Comm 0 0 7.3 2 . 8 23.8 _ _ 0 . 1
7 20.4 2.9 76.5 - - - 0.5
28 29.1 6.3 71.2 - - - 0 . 1
90 0 8.7 2.7 26.8 0.3 (0) 0 . 0  (0 ) 0 .8 ( 1 ) 0.3
7 36.0 4.2 140.2 13.9(15) 0.9(1) 54.8(61) 0.7
28 70.9 1 2 . 2 121.4 35.6 (39) 3.1 (3) 45.0(50) 0.7
180 0 10.4 4.2 22.4 0 .6 (0 ) 0 .0 (0 ) 1 . 0  ( 1 ) 0.3
7 70.5 6.5 146.2 49.2 (28) 2 .6 ( 1 ) 62.2 (35) 1 . 1
28 96.5 17.3 142.2 62.2 (35) 8.7(5) 74.5 (42) 1.3
Shark 0 0 9.3 2 . 6 85.2 - - - 0.5
7 2 1 . 1 7.2 156.9 - - - 2.7
28 18.2 16.2 156.3 - - - 5.5
90 0 19.3 5.0 97.8 9.3(10) 0 .0 (0 ) 3.1 (3) 0.5
7 80.9 24.8 206.8 21.3(24) 11.4(13) 45.0(50) 4.6
28 87.0 27.4 206.5 37.4 (42) 7.9 (9) 43.0 (48) 8 . 6
180 0 20.7 5.4 92.0 12.4 (7) 0 . 1  (0 ) 3.4 (2) 0 . 6
7 104.6 38.2 232.3 44.2 (25) 22.9(13) 73.1 (39) 10.7
28 106.4 38.9 236.5 55.9(31) 18.4(10) 78.9(44) 8 . 8
LSD 0.05 4.4 2 . 6 15.4 1 . 8 0.7 5.6 0 . 2
■| Numbers in parentheses are percentages of added 1  ̂ N recovered in various fractions.
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supply of readily available C. The most probable source of immobilized N was unlabeled 
native fixed NH4  + . This suggestion is consistent with the fact that Sharkey soil contained 
greater amounts of both biomass N and native fixed NH4  + (620 mg N kg’ 1) than did Com­
merce soil (260 mg native fixed NH4  + -N kg’ 1).
Although precautions were taken to ensure that N released during pretreatment of 80% 
of the soil in these samples with H2 0 2  to remove organic matter was not subsequently en­
trapped by clay minerals, the removal of organic humus may influence the release of fixed 
NH4  + . Hinnman (1966) demonstrated that destruction of organic matter with H2 0 2  in­
creased NH4 + fixation capacity and suggested that organic matter blocked fixation sites or 
prevented collapse of the interlayers of 2:1 minerals. If the latter suggestion is accurate, 
removal of soil humic materials would likely retard rather than promote the release of fixed 
NH4  + . Clearly, the effects of organic matter on release of fixed NH4  + merit further study. 
Nevertheless, calculations using the data in Table 3.2 imply that 12-18% of native fixed NH4  + 
was incorporated into microbial biomass and an additional small percentage accumulated as 
exchangeable NH4  + after incubation for 28 d in the presence of readily available C.
The preference of soil microorganisms for recently fixed NH4  + was reflected in the 
effects of different amounts of this N on the capacity of soil microorganisms to hydrolyze 
added FDA. Fluorescein diacetate hydrolytic activity was consistently greater upon incubation 
of soils containing larger amounts of fixed 1 5 NH4  + (Table 3.2). Sharkey soil displayed great­
er activity than did Commerce soil, a finding consistent with the amounts of biomass N recov­
ered in these soils. Microbial populations were also generally larger in Sharkey than in 
Commerce soil (Table 3.3). Counts of bacteria, actinomycetes and fungi were performed 7 d 
after addition of mannitol to determine whether one or more of these groups of soil microor­
ganisms responded more dramatically to the presence of recently fixed NH4  + . Populations of 
all three groups increased significantly in presence of recently fixed NH4  + . Responses were 
most evident in the soil containing lower amounts of native fixed NH4  + (Commerce). In that 
soil, the presence of 180 mg fixed 15N increased populations from 1.37-2.09 log units. The
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methods used to enumerate microbial populations do not allow quantitative comparisons 
between groups, but the data in Table 3.3 clearly demonstrate that at least some species in 
each of these major groups of soil microorganisms can benefit from a supply of recently fixed 
NH4 + in the presence of available C.
The experiments reported in Table 3.1 and Table 3.2 show that most, if not all, of fertil­
izer N fixed by these soils can be assimilated by heterotrophic microorganisms when the 
supply of a suitable C substrate creates a demand for additional N. The accessibility of recent­
ly fixed NH4  + relative to that of exchangeable or solution NH4  + , however, cannot be con­
strued from these experiments. Nommik (1957, 1965) investigated the effects of clay fixation 
on the availability of added NH4 + to heterotrophic microorganisms using an incubation tech­
nique involving the measurement of C0 2  evolution from high-fixing soils amended with NH4  + 
and NOg". He concluded that availability of NH4 + added to vermiculite-containing soils was 
only 50-89% that of NOg". Comparisons to unfixed NH4 + were not possible.
The experiments reported in Fig. 3.1 employed an incubation technique similar to 
Nommik’s to compare availability of NH4  + initially fixed by clays to that of NH4  + added 
directly to Commerce and Sharkey soils as a neutral salt. Comparing the cumulative amount 
of C 0 2  produced in 28 d indicates that initially fixed NH4 + was 23% and 46% as available as 
NH4  + added in solution to Sharkey and Commerce soils, respectively. It is noteworthy that 
the cumulative amounts of C 0 2  produced during incubation of Sharkey soil were 2.5-3. 1  times 
those of Commerce. The significantly greater microbial activity in Sharkey soil is consistent 
with the greater amounts of biomass N recovered from this soil in the experiments reported in 
Table 3.2. Commerce and Sharkey soils contained similar amounts of KCI-extractable and 
organic N, but Sharkey soil contained 2.4 times as much unlabeled clay-fixed NH4  + as 
Commerce. These findings support the suggestion that a portion of native-fixed N can be 
assimilated by heterotrophic microorganisms.
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Table 3.3. Populations of heterotrophic bacteria, actinomycetes and filamentous fungi 7 d 
after addition of 4000 mg mannitol-C kg ' 1 to soils containing 0 , 90 or 180 mg 15N as recently 
clay-fixed NH4  + .
Soil Fixed
1 5 n h 4 +
added
Bacteria Actinomycetes Fungi
(mg N-kg'1) (log MPN g"1) ( .....  log no.CFU’s g ' 1 soil —- )
Commerce 0 6.61 6.65 4.65
90 6.77 7.54 6.06
180 7.98 8 . 1 0 6.74
Sharkey 0 7.18 7.65 7.55
90 7.69 7.78 7.70
180 8 . 0 2 7.93 7.81
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Figure 3.1 Amounts of C 0 2  produced in 28 days in Commerce and Sharkey soils amended 
with mannitol (4000 mg C kg '1) and 90 mg recently clay-fixed NH4  + or various 
amounts of aqueous (NH4 )2 S04.
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Conclusions
These studies indicate that heterotrophic soil microorganisms can readily assimilate 
fertilizer NH4  + fixed by clay minerals. The quantity released and assimilated by microorgan­
isms increases when the supply of C substrate creates a demand for additional N. Appreciable 
amounts of N derived from recently fixed NH4  + eventually accumulated as exchangeable 
NH4  + , and was not readily refixed by clay minerals. Very little released 1 5 NH4  + was nitrified 
unless C substrate was added to promote immobilization. These findings support the general 
conclusion that clay fixation conserves fertilizer NH4  + by causing 2:1 clay minerals to serve 
as slow-release reservoirs (Saha and Mukhopadhyay, 1986; Drury and Beauchamp, 1991).
The activity of heterotrophic microorganisms may minimize losses of soil N by promoting the 
release of fixed NH4 + primarily near the surface of roots supplying C to these organisms.
CHAPTER 4
DETERMINATION OF NONEXCHANGEABLE NH4 + IN SOILS
Introduction
Soils containing appreciable amounts of 2 : 1  clay minerals contain stores of native 
clay-fixed NH4  + that were present when clays were initially deposited or entrapped during 
pedologic development. Many soils can also fix additional NH4  + when ammoniacal or 
ammonium producing fertilizers are applied (Nommik, 1957, Doram and Evans, 1983). The 
fixation of applied NH4  + by clays is rapid and about 60-90% of total fixation occurs within the 
first few hours of fertilization (Nommik, 1965; Sippolaetal., 1973). Lamm and Nadafy (1973) 
suggested that fixation of applied NH4  + takes place in the interlayer sites of the clay plates 
which are at a medium stage of collapse in the transitional zone where the fixed and ex­
changeable ions meet.
Large application of NH4 + fertilizers over years can increase the amount of nonex­
changeable NH4  + in soils, and this recently fixed NH4  + appears to be more available to 
plants than native fixed NH4 + (Mengeland Scherer, 1981; Kudeyarov, 1981). Collectively, 
native and recently fixed NH4  + entrapped in 2:1 clay minerals can represent a significant frac­
tion of the total N in soil profiles (Black and Waring., 1972; Mengel and Scherer, 1981; Keerthi- 
singheetal., 1984; Beathgen and Alley, 1987). The availability of entrapped NH4 + to plants or 
soils microorganisms, however, is less understood than that of other forms of soil N ( Allison et 
al., 1951; Nommik, 1957; Black and Waring, 1972; Mohammed, 1979; Mengel and Scherer,
1981; Saha and Mukhopadhyay, 1986; Drury and Beauchamp, 1991). This uncertainty is due, 
in part, to the limitations of various methods employed for determination of clay-fixed NH4  + .
Bremner et al. (1965) suggested the term nonexchangeable NH4  + to describe the 
NH4 + held by clays and not displaced by 2 /VJ KCI extraction. This concise term avoids ambi­
guities with organically fixed NH4  + and that retained on the exchange complex, and therefore 
will be adopted for the remainder of this discussion. Although this fraction can be precisely
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defined quantitative determination of the amounts of nonexchangeable NH4  + in soils poses a 
challenging analytical problem.
Bremner et al. (1967) compared many of the numerous methods proposed for the 
determination of nonexchangeable NH4  + in soils and showed that they gave widely divergent 
results. High values obtained for nonexchangeable NH4  + were presumably inflated by the 
partial recovery of organic N as NH4 + during treatment of samples with acid mixtures to re­
lease entrapped NH4 + or by steam distillation of hydrolysates with strong alkali. Low values 
resulted when removal of organic N caused partial loss of nonexchangeable NH4  + or pro­
cedures used to determine clay-entrapped NH4  + fail to recover this N quantitatively. Bremner 
et al. (1967) also concluded that the most reliable estimates of nonexchangeable NH4 + in 
soils were obtained by the method of Silva and Bremner (1966) involving oxidation of ex­
changeable NH4  + and organically bound N to N2  using alkaline KOBr. Bremner et al. (1967) 
cautioned, however, that this method was most dependable for measuring native fixed NH4  + 
well protected within the clay lattice.
During the past 25 years, the method of Silva and Bremner (1966) has been used 
extensively to study the amounts and availability of nonexchangeable NH4  + in soils. In this 
method, K + is included to prevent the release of fixed NH4  + during the removal of organically 
bound N. While K + is effective in protecting NH4  + fixed well within the clay lattice (Bremner et 
al., 1967), there is less reason to assume that it is completely effective in preventing the re­
lease of recently fixed or other nonexchangeable NH4  + retained near the edges of the clay 
lattices. During the treatment of soil with a very strong alkaline (pH 14) oxidizing agent (2M 
KOBr) at boiling temperatures, a portion of less strongly held nonexchangeable NH4  + may be 
released due to partial dissolution of clay edges as NHg. Ammonium not protected by the clay 
lattice is reduced to N2  by this procedure. Concern that the method of Silva and Bremner 
(1966) does not quantitatively recover recently fixed NH4 + was supported by preliminary 
studies in our laboratory indicating that the Silva and Bremner method recovered only a por­
tion of NH4 + fixed by clay minerals in samples previously treated to remove organic matter.
Our purpose here is to describe a method that quantitatively measures the amount of 
recently-fixed as well as native fixed nonexchangeable NH4  + in soils. This method deter­
mines nonexchangeable NH4 + as the difference between the total NH4 + recovered in HF:HCI 
soil digests and that recovered as exchangeable NH4  + in 2M KCI extracts. Use of an auto­
mated gas diffusion technique to determine the NH4 + in digests minimizes the recovery of 
organically bound N. To assess the accuracy and precision of this method, results were 
compared to those obtained by other methods using a range of soils before and after fixation 
of added NH4  + . Furthermore, experiments involving addition of various N-containing organic 
substances to purified bentonite clay (W.H.Curtin & Co., USA) were performed to verify that the 
values obtained by the proposed method were not inflated by partial recovery of organically 
bound N.
Materials and Methods 
Soils
The soils used contained appreciable amounts of 2 : 1  clay minerals and differed 
markedly in organic matter content (Table 4.1). These samples were selected from among 
those used by the USDA-SCS to characterize the soils of the Mississippi River alluvial province 
in Louisiana. Before use, the samples were air-dried and ground to pass through a 2mm sieve. 
Soil pH values were determined using 1 : 1  soil:H20  suspensions by glass electrode. Organic C 
content was measured by the modified Walkley-Black wet oxidation procedure described by 
Nelson and Sommers (1982). Clay content was determined by the hydrometer method (Day, 
1965). Total N was determined by a modification of the Kjeldahl procedure involving pretreat­
ment of samples with 5M HF: 1M HCI to quantitatively recover NH4  + entrapped within clay 
minerals (Bremner, 1965).
Determination of clay f ixed NH 4 +
Method A (Proposed)
One gram of soil sample was treated with 20 mL 5M HF: 1M HCI in a 50 mL screw- 
capped polypropylene centrifuge tube for 24 hours in a shaker at room temperature. After
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Table 4.1. Analyses of soils used in this study.
Soil Horizon pH Org.C Clay Total N
-----  g kg ' 1 • — mg N kg ' 1 —
Alligator A 5.7 18.4 659 1797
Alligator Bg2 5.0 7.0 726 758
Baldwin A 6.4 2 2 . 2 468 1833
Baldwin Btg2 8 . 0 5.5 537 341
Commerce Ap 7.2 24.2 363 716
Commerce BCg 8 . 0 4.3 257 631
Dundee Ap 6.4 6 . 0 223 652
Dundee Btg2 4.7 2 . 8 307 413
Iberia Ap 6 . 2 2 2 . 0 631 2522
Iberia Bg 6.9 3.4 722 1647
Sharkey Ap 5.7 2 0 . 1 743 2050
Sharkey Bg2 7.0 5.8 839 859
Stough A 4.3 26.6 79 1035
Tensas Ap 5.4 18.6 501 1809
Tensas Btg2 5.5 4.7 540 827
Tunica Ap 5.9 23.2 541 2512
Tunica Bg2 6.3 6.3 674 1180
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shaking the acid digest was quantitatively transferred into a 500 ml volumetric flask and 
brought to the volume with deionized water.
Additional 10g samples were treated with 1 00 ml 2M KCI for 2 h in a shaker. After 
shaking, extracts were filtered and clear KCI extracts were used to determine the exchange­
able n h 4 + .
Ammonium in acid digests and extracts was determined using an automated system 
that measures the change in conductivity of a 0.5% boric acid solution caused by gaseous 
diffusion of NH3  across a teflon membrane (Carlson, 1978). A comparable instrument is 
commercially available from Alltech Associates (Deerfield, II). During analysis samples were 
injected with sufficient 2M KOH to increase the pH of the diluted acid digests to pH 9. This pH 
was selected because it resulted optimum diffusion of NHg across the membrane and was not 
sufficiently alkaline to cause detectable hydrolysis of labile organic N in acid digest during 
analysis. This alkali solution contained 40g/L DTPA (diethylenetriaminepentaacetic acid) to 
prevent the precipitation of metals during analysis. The instrument was calibrated and its 
performance monitored by analyzing a series of four standards (0 ,1 ,3  and 5 ug NH4  + -N/ml) 
before determining NH4  + concentration of each set of 20 samples.
The amount of nonexchangeable NH4  + was calculated as the difference between 
NH4  + recovered in HF:HCI digests and that recovered in 2M KCI extracts as follows: 
Nonexchangeable NH4 + = A djgests - A extracts
[ (ug NH4 +-N/ml) * 500ml ] 
where A = ......... - ................—
[ Oven dry soil weight (g)] '
[(ugN H 4  + -N /m l)* 100ml)]
A -  ..................... .......................
©xlracts
[ Oven dry soil weight (g)]
Method B (Si lva-Bremner 1966)
In this procedure, nonexchangeable NH4 + was determined by steam distillation of 5M 
HF: 1 M HCI digests of sample previously treated with 2M KOBr as described by Silva and 
Bremner (1966).
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Method C (M odif ied  Si lva-Bremner)
This procedure is similar to method B except that the determination of NH4  + in diluted 
HF:HCI acid digests was performed using the automated NHg diffusion technique as described 
under Method A.
Method D (M odif ied  Rodrigues 1954)
This procedure is a modification of that proposed by Rodrigues (1954) where nonex­
changeable NH4 + was determined as the difference between NH4 + in KC! extracts and soil 
digests after dissolution of clay minerals with 5M HF:1/W HCI. The original procedure involved 
the use of a mixture of hot HF:H2 S0 4  to release nonexchangeable NH4 + prior to distillation 
with strong alkali. To minimize the hydrolysis of organic N during dissolution of clay minerals, 
the digestion procedure was altered to use mixture of 5M HF: 1 M HCI as recommended by 
Bremner (1966). Acid digestion was performed as described under method A but this method 
differs from method A in which NH4 + in HF:HCI digests was determined by steam distillation 
after addition of 15 mL of 10M KOH. While it has been shown that steam distillation with strong 
alkali will partially recover organic N (Bremner, 1959), this method was included primarily to 
provide an additional reliable estimate of recently fixed by NH4  + by comparing results ob­
tained before and after the exposure of samples to added NH4  + .
Enrichment of soi l with recently  f ixed NH 4 + -N
One gram of air dried soil was placed in a 50 mL screw-capped polypropylene centri­
fuge tube and then 1 mL of a solution containing 500 ug (NH4 )2 S04-N was added. To inhibit 
microbial immobilization of added NH4  + , 2-3 drops of CHCIg was added prior to capping of 
each centrifuge tubes. The sample was incubated for 4 d to allow adequate time for NH4  + to 
be fixed by soils. After incubation, 10  mL of 2M KCI was added and the centrifuge tube was 
placed in a shaker for 2h, and then centrifuged for 5 minutes (5000 rpm). The supernatant was 
carefully transferred into a 100 mL volumetric flask. Another 1 0  mL aliquot of 2 M KCI was 
added and the tube was shaken manually for 2-3 minutes, and subsequently centrifuged for 5 
minutes. The supernatant was added to the volumetric flask. This process was repeated two
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more times to make sure that there was no free NH4  + left in the soil after the fixation process. 
The flask containing supernatants was brought to the volume with deionized water and NH4  + 
was determined by NHg diffusion technique described under Method A.
The amount of recently fixed (RF) NH4  + by this procedure was calculated as the dif­
ference in amount of NH4 + added and the amount recovered in KCI washings after 4 d incuba­
tion.
Recovery of recently f ixed NH4 +
The capacity of methods to recover recently fixed NH4  + was assessed by determining 
the difference in nonexchangeable NH4 + content obtained before and after fixation of added 
NH4  + . These values were compared to the amounts calculated as RF in the procedure de­
scribed above.
Effects of various organic amendments
To determine whether the treatment of soils with 5M HF: 1 M HCI or the determination 
of NH4 + by the NH3  diffusion technique in the proposed method (Method A) did not result in 
partial recovery of organically bound N, samples of purified bentonite clay were amended with 
50 mg.g ' 1 alanine, humic acid, rice straw, and clover residues prior to 5M HF: M\/l HCI treat­
ment. To verify that the NHg diffusion technique quantitatively recovered NH4  + in acid digests 
500 ug (NH4 )2 S04-N was added to additional purified bentonite samples prior to digestion 
and NH4 + in acid digests was determined.
Results and Discussion
The capacity of clay minerals to entrap added NH4  + has been studied by determining 
the difference between the amount of NH4 + added and that recoverable by 2 M KCI leaching 
after equilibration with soil (Barshad, 1951). Preliminary studies in our laboratory indicated 
that the fixation capacity determined by this approach were substantially greater than those 
determined by direct measurements of nonexchangeable NH4  + using the popular method of 
Silva and Bremner (1966). Reactions of added NH4 + with organic matter or microbial immobi­
lization did not fully account for the differences observed between these methods of estimating
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fixation capacity, suggesting that the method of Silva and Bremner may underestimate nonex­
changeable NH4 + recently entrapped by clay minerals. Possibly, nonexchangeable NH4  + 
held near the edges of clay lattices was released during KOBr pretreatment to remove organic 
matter, and was reduced to N2  prior to HF:HCI dissolution of clay minerals.
Additional experiments were performed to determine if significant losses of fixed 
NH4  + occurred during treatment of soils with KOBr (Table 4.2). Samples of two soils and 
bentonite were treated with KOBr to oxidize organic matter and to remove organic and ex­
changeable NH4  + . Samples were then treated with HF:HCI to release entrapped NH4 + as 
described by Silva and Bremner (1966). These values were compared to those obtained when 
an additional KOBr pretreatment prior to HF:HCI digestion. Samples receiving a second 
treatment with KOBr contained 6 % to 33% less NH4  + , indicated that potential of KOBr treat­
ment to promote losses of native nonexchangeable NH4  + in soils.
To determine the effects of KOBr treatment on recovery of recently entrapped nonex­
changeable NH4  + , samples in which organic matter had been destroyed were washed with a 
dilute salt solution (0.016/W CaCI2, 0.004M MgCI2, and 0 . 0 0 1  M KCI) and equilibrated with 
2000 ug (NH4 )2 S0 4 -N.kg"1. After thoroughly washing these samples with 2/WKCI, the 
amounts of nonexchangeable NH4 + were determined with and without KOBr pretreatment 
(Table 4.2). Samples treated with KOBr contained 72% to 78% less nonexchangeable NH4  + 
than did untreated samples. Comparisons of the results obtained by each procedure before 
and after fixation of added NH4  + indicated that KOBr pretreatment resulted in the loss of 81 % 
to 98% of recently fixed NH4  + . These losses may have occurred by direct reaction of NH4  + 
held near the edges of the lattice with KOBr, by release of entrapped NH4  + as NH3  into the 
highly oxidized solution, or possibly by partial dissolution of clay minerals.
Regardless of the mechanisms involved, the experiments reported in table 4.2 clearly 
demonstrate the potential of treating soils with hot KOBr to cause partial loss of nonexchange­
able NH4  + not well protected within the clay lattice. Because recently fixed and other NH4  + 
entrapped near the edges of the clay lattice are most likely to play a role in the nutrition of
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Table 4.2. Effect of KOBr treatment on recovery of nonexchangeable NH4  + -N before and after 
fixation of added NH4  + by soils previously treated to destroy organic matter. All samples were 
washed thoroughly (4 times) with 2 M KCI prior to analysis.
Soil Horizon Nonexchangeable NH4  +
Recovered in HF:HCI digest 
KOBrt No KOBr
Loss due to 
KOBr treat 
ment
Before fixation of added NH4 +
..........  ug N.g' 1 --------
Commerce A 89.7 133.4 43.7
Sharkey Bg2  321.8 343.9 2 2 . 1
Bentonite - 2 0 . 1 28.8 8.7
After fixation of added NH4 + (
Commerce A 104.2 375.7 271.5
Sharkey Bg2  353.3 1483.6 1130.3
Bentonite - 118.3 542.9 424.6
1 Samples pretreated with KOBr prior to HF:HCI digestion as described by Silva and Bremner 
(1966).
| Samples equilibrated with 2 0 0 0  ug (NH4 )2 S0 4 -N.g ' 1  for 48h prior to washing with 2MKCI.
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plants, a method was sought that quantitatively recovered this fraction as well as the native 
fixed NH4  + .
Rodrigues (1954) proposed a method of determining nonexchangeable NH4  + re­
leased upon steam distillation of HF:H2 S0 4  soil digest with a strong alkali. Bremner (1959) 
showed that values obtained by this method were inflated by partial recovery of organically 
bound N during digestion and distillation. He proposed an alternative method (Bremner, 1959) 
employing digestion of soil with 1M HF:1 /W HCI and distillation of neutralized digests with 
phosphate buffer (pH 8 .8 ). In later work, Bremner (1959) concluded that the distillation proce­
dure resulted in partial recovery of organic N, and recommended the use of the method of 
Silva and Bremner (1966) where KOBr is employed to reduce organic N to N2  prior to dissolu­
tion of clay mineral and subsequent distillation. The method proposed (Method A) is a modifi­
cation of the method described by Bremner (1959).
In Method A, the amount of NH4 + released by 5M HF:1M HCI digestion of soils is 
determined using an automated NH4 + diffusion technique that minimizes the recovery of 
labile organic N. To verify that this method did not give values inflated by organic N released 
during dissolution of clay minerals or during determination of NH4  + , samples of bentonite 
were amended with various nitrogenous materials prior to analysis (Table 4.3). Addition of 50 
mg.g ' 1 of alanine or humic acid or 150 mg.g ' 1 of harvest of microbial cells did not result in a 
detectable increase in the values obtained for nonexchangeable NH4  + . Addition of 50 mg.g" 1 
finely ground rice straw or clover residues caused slight increases in values obtained.
Although these increases were detectable (10.5-24.2 ug NH4  + -N.g'1), they represented less 
than 1 % of the N contained in these materials. Bremner and Harada (1959) conducted an 
exhaustive study on the release of NH4  + by treatment of organic nitrogenous materials with 
HF:HCI, and found that generally less than 1% of the N was converted to NH4 + . They con­
cluded that acid-labile organic nitrogenous compounds such as glutamine and asparagine 
occur only in trace amounts in soils and therefore interferences are negligible. Our findings
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Table 4.3. Amounts of NH4 +-N recovered in bentonite or bentonite amended with various N- 











- mg.g" 1 - -u g  N. g" 1 - ug N.g" 1 ------
Bentonite None None None 33.7 - -
Bentonite Alanine 50 7850 34.3 0 . 6 0 . 0
Bentonite Humic acid 50 550 34.4 0.7 0 . 1
Bentonite Rice straw 50 1 1 2 0 44.2 10.5 0.9
Bentonite Clover 50 2240 57.9 24.2 1 . 1
Bentonite Microbial
cells
150 ^ND 33.8 0 . 1 0 . 0
Bentonite n h 4 +-n - 500 533.5 499.8 99.9
■( ND : Not determined.
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suggests that except where large quantities of organic residues have been recently incorpo­
rated into soils, no interferences from organic N will be detected using the proposed method 
for determining nonexchangeable NH4  + .
When NH4 + is added to soils containing appreciable amounts of 2 : 1  clays, only a 
portion of this N can be removed by KCI extraction. Presumably, such soils rapidly fix added 
NH4  + into their clay lattices. To assess the ability of the proposed method to recover added 
NH4  + , a solution containing 500 ug (NH4 )9 S04-N g' 1 was added to bentonite clay 2h prior to 
analysis by the proposed method. This added N was quantitatively recovered (Table 4.3). 
Because this method does not appear to recover significant amounts of N bound by the soil 
organic fraction or immobilized by microbial cells, ii may have application for distinguishing 
the extent of clay fixation of added N in soils where microbial immobilization or reactions with 
organic matter are anticipated.
The ability of the proposed method to recover nonexchangeable NH4  + in soils was 
studied by comparing the results obtained by this method with those obtained by other 
methods. Table 4.4 shows the results of analyses of 17 samples of surface and subsurface 
soils described in Table 4.1. On average, values obtained by the proposed method (239.4 ug 
NH4  + -N.g'1) were nearly identical to those obtained by that of Silva and Bremner (1966) 
(Method B). In all instances, mean values obtained by four replicate analyses by these two 
methods differed by less than 1 0  ug N g '1. To verify that the automated NH3  diffusion tech­
nique quantitatively recovered NH4 + in HF:HCI digests, the method of Silva and Bremner 
(1966) was modified to employ NH3  diffusion rather than steam distillation for determination of 
NH4  + (Method C). Results obtained were similar to those obtained by methods A & B, indicat­
ing the accuracy of the NH3  diffusion technique is similar to that of steam distillation for deter­
mining NH4  + in acid digests of soils where organic matter was destroyed.
When NH4 + was determined by steam distillation of HF:HCI digests without prior 
destruction of organic matter (Method D), values obtained for nonexchangeable NH4  + aver­
aged more than 50% greater than those obtained by the other three methods. This finding
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Table 4.4. Amounts of nonexchangeable NH4 + -N recovered by various methods before 
equilibrating soils with 500 ug (NH4)2S04-N g '1.
Soil Horizon Nonexchangeable NH4 + recovered 1
Method A Method B Method C Method D |
Alligator A 267.2 + 1.0
.......... ........  mg N.kg' 1 -----------------
257.5 + 0.8 267.7 + 1.1 642.5 + 0.8
Alligator Bq2 329.8 + 0.2 323.4 + 1.0 324.5 + 0.1 487.7 + 2.0
Baldwin A 218.9 + 0.2 214.1 + 1.0 223.0 + 0.1 370.4 + 0.8
Baldwin Btg2 172.6 + 2.9 163.0 + 1.3 168.3 + 3.5 235.0 + 0.8
Commerce Ap 137.0 + 0.8 134.2 + 1.0 140.2 + 0.0 186.2 + 0.5
Commerce BCg 238.0 + 0.1 234.2 + 1.3 242.0 + 1.8 297.4 + 1.7
Dundee Ap 154.4 + 1.3 149.0 + 1.0 157.2 + 1.6 202.3 + 0.7
Dundee Btg2 174.6 + 1.4 165.5 + 1.3 179.0 + 0.1 271.7 + 1.5
Iberia Ap 112.3 + 1.0 107.4 + 0.9 116.9 + 0.1 189.0 + 1.3
Iberia Bg 243.2 + 3.3 253.2 + 1.3 240.6 + 1.1 401.3 + 0.7
Sharkey Ap 363.6 + 1.1 368.9 + 1.1 368.1 + 4.9 531.9 + 1.3
Sharkey Bg2 340.4 + 1.2 347.3 + 0.8 338.0 + 5.5 445.9 + 2.2
Stough A 30.7 + 1.1 36.2 + 0.3 31.0 + 0.3 124.8 + 0.3
Tensas Ap 321.8 + 0.8 328.5 + 1.6 327.1 + 1.6 369.3 + 1.1
Tensas Btg2 261.4 + 0.3 269.6 + 1.1 262.6 + 3.0 366.5 + 1.4
Tunica Ap 375.5 + 1.1 379.7 + 2.1 380.2 + 2.0 485.6 + 1.0
Tunica Bg2 328.2 + 0.5 331.8 + 0.8 324.7 + 0.8 442.5 + 1.3
Average 239.4 + 1.1 239.0 + 1.1 240.6 + 1.6 361.2 + 1.2
 ̂ Values reported in this table are mean and standard deviation of 4 replicate analyses
| Method A - Proposed method; Method B - Silva and Bremner (1966); Method C - Modified 
Silva and Bremner method; Method D - Modified Rodrigues method.
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supports the conclusion of Bremner (1959) that distillation of HF:HCI digests with a strong 
alkali results in recovery of substantial amounts of organically bound N.
The standard deviations of four replicate analyses were similar for the four methods, 
and averaged 1.1, 1.1,1.6 and 1.2 ug NH4  + -N.g“ 1 for methods A, B, C and D, respectively 
(Table 4.4). The NH3  diffusion technique, however, may be less subject to systematic errors 
during routine use than is steam distillation because the instrument is continually recalibrated 
by periodic analysis of a series of standards and because it does not require the subtraction of 
"blank" value.
The samples used in the experiments reported in table 4.4 had been stored in an air- 
dried state for several months or more prior to their use. Therefore, they cannot be considered 
to contain appreciable amounts of recently fixed NH4  + . To compare the ability of the various 
methods to recover recently fixed NH4  + , samples of each horizon were equilibrated with 500 
ug (NH4 )2 S04-N for 96h in sealed containers after addition of a few drops of chloroform to 
inhibit microbial immobilization. After thoroughly washing samples with 2 M KCI, the amounts 
of nonexchangeable NH4  + present were determined by each method. Table 4.5 shows the 
difference in nonexchangeable NH4 + recovered by each method before and after the fixation 
of added NH4  + . Values obtained by methods A and D were similar to the amounts of recently 
fixed NH4  + calculated as the difference between the amounts of NH4  + added and the 
amounts recovered in KCI washings after equilibration (RF). Values obtained by methods 
employing KOBr pretreatment (methods B and C) were an average of 35% less than those 
obtained by methods not employing KOBr. Regression analyses showed no clear relation­
ships between the losses caused by KOBr pretreatment and the soil properties cited in Table 
4.1 or 17 additional chemical, physical and mineralogical properties that have been deter­
mined for these set of samples.
Conclusions
In summary, our findings indicate that KOBr pretreatment during the determination of 
nonexchangeable NH4 + in soils does not recover substantial amounts of nonexchangeable
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Table 4.5. Difference in amount of nonexchangeable NH4  + -N recovered by various methods 
before and after equilibrating soils with 500 ug (NH4 )2 S04-N g‘ 1 and after thorough washing 
(4 times) with 2M KCI.
Soil Horizon Recently fixed NH4  + recovered
Method A Method B Method C Method D r f !
- mg N.kg" 1I *i —............. .........
Alligator A 116.3 47.0 44.7 117.0 118.3
Alligator Bg2 36.3 30.5 33.7 36.0 35.7
Baldwin A 63.5 50.0 45.2 61.3 61.2
Baldwin Btg2 206.7 165.8 168.9 203.7 205.6
Commerce Ap 65.2 2 0 . 8 25.5 6 6 . 2 6 6 . 2
Commerce BCg 90.0 52.8 57.9 84.1 86.5
Dundee Ap 33.0 7.1 7.4 39.52 37.17
Dundee Btg2 30.1 14.0 9.3 34.1 32.8
Iberia Ap 35.2 5.0 3.2 29.8 32.2
Iberia Bg 104.1 65.8 76.1 104.2 105.9
Sharkey Ap 61.3 58.0 62.4 60.8 59.1
Sharkey Bg2 201.4 166.0 163.4 201.5 203.3
Stough A 8 . 2 2 . 8 2 . 6 8 . 0 8.3
Tensas Ap 93.7 32.7 38.3 98.1 99.0
Tensas Btg2 34.4 24.0 25.6 31.5 33.5
Tunica Ap 1 1 0 . 6 80.1 82.2 116.5 114.5
Tunica Bg2 134.2 93.9 103.4 135.0 135.0
Average 83.8 53.9 55.9 83.9 84.8
1 RF was calculated as the difference between the amount of NH4 + added to the sample and 
that recovered in 2M KCI leachates (4 washings) after 96h of equilibration.
t LSD (P = 0.05) for comparisons of values obtained by different methods within each sample is 
3.6 ug NH4  + -N g"1.
NH4 + in soils containing appreciable amounts of NH4 + recently entrapped by clays. Fur­
thermore, they indicate that the proposed method quantitatively recovers this fraction while 
avoiding significant recovery of N in soil organic matter or microbial biomass. No practical 
difficulties have been encountered during routine use of the proposed method, but care is 
required to ensure quantitative transfer and dilution of the acid digests. In addition, the 
method avoids the health hazards posed by treatment of soils with hot KOBr.
CHAPTER 5 
SUMMARY AND CONCLUSIONS
Soils containing appreciable amounts of 2 : 1  clay minerals not only contain stores of 
native fixed NH4  + but also have the ability to fix NH4  + when ammoniacal fertilizers are ap­
plied. Many alluvial soils of the lower Mississippi delta are rich in 2 : 1  clay minerals such as 
montmorillonite, illite and vermiculite. To effectively manage N in these soils, it is essential to 
identify and quantify the sources of plant available N and assess the role of clay fixation in the 
N budget of these soils. The bioavailability of clay-fixed NH4  + remains controversial and the 
contribution of this fraction to plant nutrition is not understood well. The principal goals of this 
investigation were to characterize the distribution of N in soils of the lower Mississippi alluvial 
plain and to explore the mechanisms regulating the release of nonexchangeable NH4  + in 
these soils.
The first chapter briefly summarizes our current understanding of various aspects of 
clay fixation of fertilizer N. This review addresses theories of NH4  + fixation by clay minerals, 
methods used for determining fixed NH4  + in soils, and factors affecting the fixation process 
and bioavailabilty of fixed NH4  + .
The second chapter reports studies that characterize the amounts of various N forms 
present within the soil profiles representative of the principal agricultural soils of lower Missis­
sippi River alluvial plain. Relationships between N distribution and various physical, chemical 
and mineralogical properties were identified to gain insight into the factors influencing N 
accumulation and fertility. The ability of those soil properties highly correlated to soil N frac­
tions, especially those properties contained in existing data bases, to reflect the N distribution 
of soils of this region were investigated to determine if a reasonable approximation of the 
amounts of various forms of soil N could be estimated in soils where extensive N characteriza­
tion data is unavailable.
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Most of the N in surface horizons was recovered as organic N (85%), but appreciable 
amounts were recovered as nonexchangeable NH4  + entrapped within clay lattices. Nonex­
changeable NH4 + accounted for a substantial portion (15-60%) of total N in most subsurface 
horizons. Analysis of the mineralogy of these soils indicated that montmorillonite was the 
dominant clay mineral in most horizons. Many horizons also contained substantial amounts of 
illite. The proportion of total N recovered as organic N was most closely related to organic C 
content and the amounts of 2 : 1  clay minerals present in the horizon. Even though subsurface 
horizons contained an appreciable portion of their N as inorganic nonexchangeable NH4  + ,
p
organic C content was the best single indicator of total N content (r* = 0.93) within the 52 
horizons studied. Stepwise multiple regression analyses indicated that when measured N 
values are not available, a reasonable approximation of the distribution of the principal N forms 
in the lower Mississippi River alluvium can be calculated from organic C and extractable K + 
contents. These data are generally included in soil survey reports or can be obtained from 
analyses offered by most university soil testing laboratories.
The third chapter describes experiments to assess the role of soil microorganisms in 
the release of clay-fixed NH4 + and its eventual accumulation in forms suitable for plant uptake 
in two major agricultural soils (Commerce and Sharkey) of the lower Mississippi River flood- 
plain. These experiments showed that addition of N in this form stimulated microbial activity 
and growth. These findings led to the conclusion that heterotrophic microorganisms play a 
principal role in the release of clay-fixed NH4  + . The activity of heterotrophic microorganisms 
may conserve soil N by promoting the release of clay-fixed NH4 + primarily near the surface of 
roots that supply C to these organisms.
The fourth chapter deals with the development of a method to quantitatively measure 
the amount of both recently fixed and native nonexchangeable NH4  + in soils. The previous 
methods commonly used to measure nonexchangeable NH4 + failed to quantitatively recover 
recently fixed NH4  + or provided values inflated by partial recovery of organic N.
The research reported in this dissertation illustrates the importance of nonexchange­
able NH4 + as a potential reservoir of plant-available N. Heterotrophic soil microorganisms 
were found to play a principal role in the release of clay-fixed NH4  + -N. In addition, an analyti­
cal method was developed that is likely to have considerable value in future investigations of 
clay fixed NH4  + . While clay fixation of fertilizer N has traditionally been considered as detri­
mental, this work suggests that temporary entrapment of NH4 + by 2:1 clay minerals may pro­
tect fertilizer N from losses via denitrification, volatilization or leaching and thereby enhance 
the efficiency of N fertilizer use by crops.
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